AD-A247  060 


WOSR-TR-  y  2  U  0  8  4 


Final  Technical  Report  to: 

The  Air  Force  Office  of  Scientific  Research 

for  the  Project: 

"Intense  Electron  Beam  Cyclotron  Masers  with 
Microsecond  Pulselengths" 

Grant  No.  AFOSR-88-0276 

Submitted  by: 

Ronald  M.  Gilgenbach 
Professor  and  Director 
Intense  Energy  Beam  Interaction  Laboratory 
Nuclear  Engineering  Department 
University  of  Michigan 
Ann  Arbor,  Ml  48109 

December  1991 


92  3  03  040 


1 


92-05567 


KhHUKJ  UUCUIVItl>4  IMiitJiM  rMOc  j  wo 

PuO«  7epOrt‘*'9  colt«n«oiT  mloffnsnor  »%  estimeieo  to  *  ftouf  oer  resoorsg.  tnciuoin^  ttmffOf  reviewing  (nstrumons.  veercnmg  ea*5(*ng  oaca  vcot<<-» 

9«t^ef*n9  ms*ntsintng  tt%e  o«t«  jnd  <omp<etin9  «no  r«vi««wio9  itie  <o«Wraio«  of  in(o«nAt»on.  Wnd  comments  reo«fo*ng  buroen  estifrvBte  or  jnv  oih«r  Asoeo  ot  th.\ 

of  •ofoi’mjitoo.  «rt<iw0m9  lor  redo<«AQ  tttnOii<oer»  to  w*^««9to«  Service*.  OtrectorJte  lor  tnlorm«tio«  Ooer«tion%  end  Reocns  i2tS  ictierson 

0«v<*H49hwev.  Suite  1204.  Ariin^too.  va  32202^307,  to  toe  0*<Ke  0<  M enA^emcM  aoo  Budget.  PAperwork  Heduction  Prore«  (0704-0 t8S).  Washington.  OC  20503 

1.  AGENCY  USE  ONLY  fteave  blank)  I  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

1 12-20-91  rinal;  8-1-88  .to  ll-3n-qi 

4.  TITU  AND  SUBTITLE 

Intense  Electron  Beam  Cyclotron  Masers  with 
Microsecond  Pulselengths 

5.  FUNDING  NUMBERS 

AFOSR-88-0276 

S.  AUTHOR(S) 

R.  M.  Gilgenbach 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  AOORESS{ES) 

Nuclear  Engineering  Depairtment 

University  of  Michigan 

Ann  Arbor,  MI  48109-2104 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

AFOSR-Final-12/91 

9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  AOORESS(ES) 

Air  Force  Office  of  Scientific  Research 

Bolling  Air  Force  Base,  Washington,  DC 

20332-6448 

_ \6a\jii  _ 111- _ 

10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

12«.  OISTRIBUTION/ AVAILABILITY  STATEMENT 

Approved  for  public  release; 
distrlbucloa  is  unllolted.  ^ 

IZb.  OISnUBUTiON  CODE 

13.  ABSTRACT  (M9ttimum200wwdsi 


Results  are  reported  for  a  three  year  research  program  with  the  goal  of 
generating  high  power  microwaves  over  long-pulselengths .  Three  types  of 
cyclotron  maser  devices  were  developed  and  utilized  in  experiments  on  the 
Electron  Long  Beam  Accelerator^  (MELBA)  at  electron  beam  parameters 
of  0.6-0. 9  MV,  0.05-2  JcA,  and  0.5-5  ps:  1)  The  gyrotron  backward-wave- 
oscillator,  (gyro-BWO)  produced  the  optimal  combination  of  high  power  (1-8 
MW)  and  long  pulse  (0.5-1. 2  Hs)  microwave  generation.  Due  to  these  promising 
results,  this  gyro-BWO  device  was  investigated  most  intensively  during  the 
final  phase  of  this  research  program.  2)  Bragg  resonator  cyclotron  resonance 
masers  were  investigated  with  high  quality,  low  current  electron  beams  for 
high  frequency  microwave  generation.  These  devices  generated  hundreds  of  kW 
for  hundreds  of  ns,  but  it  was  found  that  microwaves  originated  from  cyclotron 
harmonic  generation  on  absolute  instabilities.  3)  Open  cavity  resonators  of 
unslotted  and  slotted  types  generated  microwave  spikes  (20-40  ns)  in  the 
X-band  with  peak  power  up  to  15-25  MW.  High  peak  microwave  power  (MW)  was 
also  generated  in  the  K-band,  most  likely  from  the  second  cyclotron  harmonic. 


14.  SUBJECT  TERMS 

high  power  microwaves,  electron  beams 

15.  NUMBER  OF  PAGES 

90 

16.  PRia  CODE 

17.  SCCUMTV  CLASSIFICATION 

1A  SECURITY  OASSWICATION 

19.  SECURITV  OASSmCATlON 

20.  LIMITATION  OF  ABSTRAt 

OF  REPORT 

OF  THIS  PAGE 

OF  ABSTRACT 

UNCLASSIFIED 

UNCLASSIFIED 

UNCLASSIFIED 

NSN  75404)1 -280-SS00  Standard  form  298  dev  2-89) 

:  Bo  BNV  Wo 


I 


Table  of  Contents 


page 


1.0  Executive  Summary .  3 

2.0  Experimental  Progress  During  Grant  Period .  4 

2.1  Introduction .  4 

2.2  Gyrotron  backward-wave-oscillator  Experiments .  5 

2.3  Bragg  Resonator  Cyclotron  Maser  Experiments .  9 

2.4  MELBA  Masers  A1  and  A2 . . .  15 

2.5  Electron  Beam  Generation  and  Diagnostics .  19 

3.0  References .  20 


Appendices: 

Appendix  A)  Titles  and  Abstracts  of  Ph.D.  Dissertations  Resulting 

from  this  Research .  21 


Appendix  B)  List  of  Publications  Supported  by  This  Grant .  24 


Appendix  C)  Copies  of  Publications  Supported  by  This  Grant .  Cl 


Ac«— aioa 

NTI3  QJUAl 
»tiC  TAfc 
UcMnao'uiacd 

Juatlfioatloo.. 


_Av«ll«bUnT  Co4%e 
Hst  Spsolal 


2 


1.0  Executive  Summary 

Results  are  reported  for  a  three  year  research  program  with  the  goal  of 
generating  high  power  microwaves  over  long-pulselengths.  Three  types  of 
cyclotron  maser  devices  were  developed  and  utilized  in  experiments  on 
the  Michigan  Electron  Long  Beam  Accelerator,  (MELBA)  at  electron  beam 
parameters  of  0.6-0.9  MV,  0.05-2  kA,  and  0.5-5  ps: 

1)  The  gyrotron  backward-wave-oscillator,  (gyro-BWO)  produced  the 
optimal  combination  of  high  power  (1-8  MW)  and  long  pulse  (0.5-1 .2  ^s) 
microwave  generation.  Due  to  these  promising  results,  this  gyro-BWO 
device  was  investigated  most  intensively  during  the  final  phase  of  this 
research  program. 

2)  Bragg  resonator  cyclotron  resonance  masers  were  investigated  with 
high  quality,  low  current  electron  beams  for  high  frequency  microwave 
generation.  These  devices  generated  hundreds  of  kW  for  hundreds  of  ns, 
but  it  was  found  that  microwaves  originated  from  cyclotron  harmonic 
generation  on  absolute  instabilities. 

3)  Open  cavity  resonators  of  unslotted  and  slotted  types  generated 
microwave  spikes  (20-40  ns)  in  the  X-band  with  peak  power  up  to  1 5-25 
MW.  High  peak  microwave  power  (MW)  was  also  generated  in  the  K-band, 
most  likely  from  the  second  cyclotron  harmonic. 

Electron  beam  diagnostics  were  also  developed  in  order  to  analyze 
the  operation  of  these  cyclotron  masers.  A  new  diagnostic  of  electron 
beam  a  *  Vj^/V||  was  developed,  based  on  Cerenkov  emission  and  radiation 

darkening  of  a  glass  plate. 

Two  doctoral  dissertations  resulted  from  this  research,  by  T.A. 
Spencer  and  J.J.  Choi.  This  research  also  resulted  in  several  papers  for 
publication  in  refereed  journals  and  numerous  papers  presented  at 
conferences  including:  International  Conference  on  Infrared  and  Millimeter 
Waves,  IEEE  Conference  on  Plasma  Science,  SPIE,  and  APS  Division  of 
Plasma  Physics. 
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2.0  Experimental  Progress  During  the  Grant  Period 
2.1  Introduction 

During  the  period  of  this  grant  three  types  of  electron  cyclotron 
maser  devices  were  investigated  as  sources  of  high  power,  long-pulse 
microwaves  utilizing  MELBA  (Michigan  Electron  Long  Beam  Accelerator): 

1 )  The  most  recent  MELBA  experiments  performed  during  the  last  year 
concerned  the  gyrotron-backward-wave-oscillator  (Gyro-BWO)  with  a 
smooth  tube  and  microwave  output  on  the  diode  end.  These  experiments 
were  the  most  promising  in  terms  of  both  high  power  (1-8  MW)  and 
long-pulse  (0.5-1 .2  ills)  microwave  generation. 

2)  Earlier  experiments  on  MELBA  Masers  B1  and  B2  utilized  a  high  quality 
electron  beam  with  low-Q  (B1)  and  high-Q  (B2)  Bragg  resonator  cavities. 
The  most  extensive  experiments  were  performed  with  the  high  Q-Bragg 
resonator,  B-2.  Microwave  emission  was  compared  for  configurations 
with-versus-without  Bragg  resonators. 

3)  The  experiments  during  the  first  year  on  MELBA  Masers  A1  and  A2 
utilized  a  high  current  electron  beam  with  unslotted  (A1)  versus  slotted 
(A2)  smooth  tube  cavities  without  Bragg  resonators. 

The  next  sections  describe  the  experiments  performed  on  each  of  the  three 
devices. 

These  experiments  resulted  In  two  doctoral  dissertations; 

1 )  T.  A.  Spencer,  "High  Current,  Long-Pulse  Gyrotron  Backward  Wave 
Oscillator  Experiments",  and 

2)  J.  J.  Choi,  "Bragg  Resonator  Cyclotron  Maser  Experiments  Driven  by  a 
Microsecond  Intense  Electron  Beam  Accelerator". 

Both  of  these  Ph.  D.  graduates  are  performing  microwave  research  at  DoD 
labs,  Spencer  is  on  I  PA  at  Phillips  Lab  and  Choi  is  a  contractor  at  Naval 
Research  Lab. 

Abstracts  for  these  dissertations  are  given  in  Appendix  A. 
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2.2  Gyrotron-Backward-Wave-OscMIator  Experiments 

The  most  successful  combination  of  microwave  power  and  pulselength 
was  generated  by  the  gyyrotron-backward'wave-oscillator  shown  in 
Figure  1 .  Because  of  the  promising  nature  of  the  gyro-BWO  results,  we 
focused  the  latter  phase  of  the  research  on  this  device.  We  discovered 
that  the  gyrotron  backward  wave  oscillator  has  a  number  of  advantages 
for  long-pulse,  high  power  microwave  generation: 

1)  Insensitivity  to  e-beam  velocity  spread  (this  is  important  in  intense 
e-beam  devices  which  utilize  cold  cathodes). 

2)  Large  voltage  bandwidth  for  maintenance  of  resonance, 

3)  High  growth  rate  which  ovenvhelms  competing  mechanisms. 

Figure  2  shows  a  1 .2  ps  microwave  pulse,  our  longest  intense  beam 
microwave  pulselength.  The  tube  power  level  in  these  initial 
experiments  was  in  the  range  of  1  -8  MW.  and  is  as-yet  unoptimized. 

The  experimental  description  is  as  follows.  A  velvet  cathode  was 
placed  in  a  region  of  low  magnetic  field  (~500-800  G)  generated  by  large 
pancake  coils.  Two  different  anodes  were  utilized  for  this  research.  The 
first  generated  an  annular  beam  by  an  a  ring  of  small  holes  drilled  in  a 
graphite  anode  plate.  This  limited  the  e-beam  current  to  several  hundred 
amps,  but  gave  a  well-defined  value  of  a  =  Vj^/V||  (~0.65).  A  second  anode 

had  a  large  hole  to  generate  a  solid  beam  with  higher  current  1-2  kA,  but  a 
very  large  spread  in  a  (0.05-0.7).  Most  experiments  were  performed  with 
a  planar  velvet  cathode.  However,  a  new  configuration  utilizing  a  profiled 
velvet  cathode  on  the  end  of  a  hemispherically  shaped  cathode  stalk  gave 
the  longest  pulselength  e-beams  and  microwaves.  It  is  believed  that  the 
lack  of  edge  enhancement  of  this  cathode  yielded  the  improved 
pulselength.  A  solenoid  wound  directly  on  the  beam  tube  gave  a  magnetic 
field  which  could  be  adjusted  independently  of  the  diode  field  from  4.8  to 
6.6.  kGauss  in  the  smooth  tube  interaction  region. 

Extensive  frequency  measurements  have  been  made  to  verify  that  the 
emission  was  due  to  the  gyrotron-backward-wave-oscillator  mechanism 
as  shown  in  Rgure  3.  The  emission  frequency  in  the  gyro-BWO  is  Doppler 
downshifted  to  the  range  4.5  to  6  GHz,  as  shown  in  the  dispersion  relation 
given  in  Figure  4.  Note  that  the  measured  emission  frequency  is  always 
less  than  the  relativistic  cyclotron  frequency  and  increases  with  the 
magnetic  field,  proving  that  the  interaction  mechanism  is  the  gyro-BWO. 

A  comparative  study  was  made  of  the  microwave  output  power  as  a 
function  of  the  electron  beam  current  and  e-beam  profile  (hollow  versus 
solid).  The  results  of  this  study  are  presented  in  Figure  5.  It  can  be  seen 
that  the  solid  beam  gave  higher  power  because  of  the  higher  current,  but 
the  efficiency  was  roughly  the  same  for  the  two  electron  beam  profiles. 
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Figure  1 .  Experimental  configuration  of  the  initial  gyro-BWO 
experiment  at  The  University  of  Michigan 
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Figure  2.  Long-pulse  microwave  emission  from  the  initial  gyro-BWO 
experiments  at  The  University  of  Michigan.  Top  trace:  beam 
voltage  (310  kV/div) ;  bottom  trace:  microwave  signal  (3.2s.  f  >6.6 
GHz).  Peak  extracted  power  -120  kfi;  peak  tube  power  1.2  MW. 
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2.3  Bragg  Resonator  Cyclotron  Resonance  Maser  Experiments 

Experiments  were  performed  on  a  Bragg  resonator  with  the  original 
goal  of  obtaining  cyclotron  autoresonance  maser  (CARM)  emission.  The 
idea  was  that  a  Bragg  resonator  should  provide  high,  selective  feedback  at 
a  single  frequency  for  each  mode  without  increasing  the  low-frequency  Q. 
Figure  6  shows  the  experimental  configuration  for  these  Bragg  resonator 
experiments. 

Two  high-Q  Bragg  resonators  have  been  built  and  utilized  in  high 
quality  apertured  e-beam  CRM  oscillator  experiments.  The  first  Bragg 
resonator  (B1)  was  constructed  with  square  corrugations  and  produced  a  Q 
of  several  thousand  in  the  TE-|  -|  mode.  The  second  Bragg  resonator  (B2) 

had  sinusoidal  corrugations  and  was  designed  to  operate  in  the  TE31 

cavity  mode.  For  resonator  B-2,  two  symmetric,  15-period  Bragg 
resonators  were  fabricated  and  placed  on  the  ends  of  a  29.4  cm  copper 
cavity  section,  with  an  estimated  Q  of  about  4,700  in  the  TE31  mode  at  a 

frequency  of  19  GHz. 

A  systematic  study^  was  made  of  four  cases  in  order  to  definitively 
identify  gyrotron  modes  and  absolute  instabilities  versus  possible  CARM 
modes: 

1 )  Bragg  resonator  with  ripples  half-inward  and  large  diameter  smooth 
center  section, 

2)  Large-diameter  smooth  tube  with  the  same  diameter  as  the  above 
center  section, 

3)  Bragg  resonator  with  ripples  fully  outward  and  small  diameter  smooth 
center  section,  and 

4)  Small-diameter  smooth  tube  with  the  same  diameter  as  the  case  3 
center  section. 

The  design  mode  of  the  device  was  the  TE3^  mode. 

An  apertured  mask  anode  was  developed  which  generated  a  high 
quality  electron  beam  by  means  of  80  small  holes  drilled  in  a  graphite 
anode  plate.  Cerenkov  emission  and  radiation  darkening  on  the  glass 

plates  gave  estimates^  of  the  beam  a-V^H  of  about  0.55  and  beam 

energy  spread  of  Ayfy  •  7%;  These  measurements  are  described  in  further 
detail  in  section  2.5  and  the  article  being  published  in  the  Review  of 
Scientific  Instruments  (Appendix  C). 

The  dispersion  relations  for  the  large  number  of  possible  competing 
modes  are  given  in  Figure  7.  Detailed  measurements  were  made  of  the 
frequency  and  mode  patterns  of  the  high  power  microwaves  for  Bragg 
resonators  versus  smooth  tubes  (Figure  8).  Comparison  of  the  microwave 
radiation  properties  for  the  above  four  cases  gave  the  conclusion  that  the 
highest  power  radiation  could  be  identified  as  parasitic  oscillations  of 
the  following  modes: 
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a)  TE21  absolute  instnbility. 

b)  TE-ji  gyro-BWO. 

c)  Second  (and  possibly  third)  harmonic  TE5-j  mode. 

Table  1  summarizes  these  parasitic  modes,  which  apparently  suppressed 
the  desired  TE31  CARM  mode.  Absolute  instability  at  the  second  cyclotron 

harmonic  in  the  TE21  mode  could  also  explain  the  high  power  levels 

observed  in  our  previous  lower  voltage  CARM  experiments."^  The  MELBA 
Bragg  resonator  experiments  are  described  in  greater  detail  in  Appendix  C. 

These  experiments  provided  the  first  Indications  that  the  gyro-BWO 
was  generating  the  highest  powers  and  longest  pulselengths  of  microwave 
radiation.  Microwave  mode  patterns  were  measured  by  a  diagnostic 
consisting  of  an  array  of  fluorescent  light  tubes.  Mode  identification  data 
(as  in  Figure  9),  confirmed  that  the  highest  power  and  longest 
pulselengths  were  generated  by  the  TE^  1  mode  gyro-BWO.  For  this  reason. 

the  Bragg  resonator  configuration  was  discontinued  and  experiments  were 
re-directed  toward  the  gyro-BWO. 
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Figure  6.  Experimental  configuration  for  Bragg  resonator 
cyclotron  resonance  maser  experiments. 
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Figure  7.  Unooiq)led  CRM  dispersimi  relations  of  TE  wav^uide  modes  and 
beam  cyclotron  modes  (s  «  1,  2  ,3)  for  Bragg  resonator  widi  ripples  fully 

outward  (BRFO).  The  CRM  parameters  are:  V  =  560  kV,  B  «  6.15  IcG,  a  = 
0.63,  rw  1.64  cm. 
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Figure  8.  ^  Ixeqaeocy  measuranents  for  the  case  of  (a)  Bragg  lesonatw 

BRFO  and  (b)  small  diansker  (rw  *  1.64  cm)  smooth  tube  without  Bragg 
reflectors. 
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*  radiation  pattern  observed  from  fluorescent  light  tube  diagnostic 
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^  Experimental  data  (M2431)  <«  fluorescent  light  tube  diagnostic:  (a) 
light  emission  flom  fln<tte8cent  light  tubes  (open  shutter  camera  [Aoto), 
model  of  microwave  breakdown  <»  fluorescent  light  tubes.  Diode  magnetic 
field  is  0.4  IcG  and  cavity  magnetic  field  is  625  kG.  Sweqptimeis200ns/div. 
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2.4  MELBA  Masers  A1  and  A2 

Our  initial  experiments  on  MELBA  Masers  A1  and  A2  investigated 
cyclotron  maser  emission  from  high  current  electron  beams  in  unslotted 
cavities  versus  cavities  slotted  to  suppress  all  non-TEon  modes.  The 

objective  of  these  experiments  was  to  run  at  close  to  grazing  incidence 
with  the  fundamental  cyclotron  maser  mode  in  the  TEqi  mode.  As 

depicted  in  Figure  10.  the  planar  velvet  cathode  was  utilized  with  a  large 
aperture  in  the  graphite  anode  to  extract  the  maximum  e-beam  current. 

The  e-beam  current  extracted  into  the  large  diameter  tube  was  about  6 
kA,  but  only  about  2  kA  of  this  current  passed  through  the  smaller 
diameter  cavity. 

Typical  microwave  emission  data  from  tfie  unslotted  cavity  is 
presented  in  Figure  1 1 .  in  this  shot,  the  peak  X-band  power  was  in  the 
range  of  15-25  MW.  but  the  duration  of  the  microwave  spike  was  only 
about  20-40  ns.  The  cause  of  the  high  power  spiking  behavior  could  have 
been  mode  jumping.  In  order  to  reduce  mode  competition  from  the  large 
number  of  non-axisymmetric  modes  a  slotted  cavity  was  fabricated  to 
select  the  TEq^  mode.  Experiments  with  ttie  slotted  cavity  generated  high 

K-band  radiation  (16-20  GHz)  power  spikes  (up  to  MW);  the  unslotted 
cavity  gave  high  X-band  power,  shown  in  Figure  12. 

Another  aspect  of  the  early  experiments  concerned  the  fact  that  high 
current  operation  with  a  solid  beam  gave  a  relatively  hot  electron  beam 
with  large  spread  in  beam  alpha  ( a=Vj^/V||).  The  high  current  e-beam  was 

therefore  found  to  be  unsuitable  for  single-mode,  high  efficiency,  and  high 
frequency  operation.  Therefore  the  apertured  mask  anodes  were 
investigated,  as  described  in  section  2.5. 
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Figure  10.  Experimental  configuration  for  MELBA  masers  A 1  and  A2. 
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Figure  11.  Experimental  data  from  MELBA  maser  A1  (unslotted  cavity). 
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F^ure  12.  Microwave  emission  horn  maser  A1  (unslotted  cavity)  versus 
maser  A2  (slotted  cavity),  a)  K-band  peak  power  vs.  B, 
b)  X’band  peak  power  vs.  B. 
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2.5  Electron  Beam  Generation  and  Diagnostics 

A  high  quality  electron  beam  with  low  energy-spread  is  crucial  for 
efficient  cyclotron  resonance  maser  oscillation.  For  masers  operating  on 
higher  order  cavity  modes,  it  is  desirable  to  utilize  annular  beams,  near 
the  wall  of  the  Bragg  resonator.  To  this  end,  we  developed  the  apertured 
mask  anode  (AMA),  In  which  an  annular  array  of  small  (1.1  mm  diameter) 
apertures  are  drilled  in  the  (3  mm-thick)  anode  plate.  About  1  ampere  of 
low-emittance  electron  beam  current  flows  through  each  aperture.  For 
Bragg  resonator  CRM  experiments,  80  apertures  were  used  to  generate  an 
80  A  annular  beam. 

The  electron  beam  alpha  and  velocity  spread  were  measured  by  a 
Cerenkov  plate  technique^.  In  Cerenkov  plate  electron  beam 
characterization  studies,  only  8  anode  apertures  were  used.  Adiabatic 
compression  by  a  factor  of  ten  in  the  magnetic  field  increases  the  beam 
alpha  (Vx/V||^,  such  that  the  Larmor  radius  is  large  enough  to  be  measured 

by  Cerenkov  light  emission  (on  a  gated-microchannel  plate  camera)  and  by 
radiation  darkening  on  the  glass,  (see  Appendix  C).  We  have  found  that  the 
measured  e-beam  Larmor  radius  for  the  MELBA  Maser  B2  corresponds  to  a 
beam  alpha  of  0.55;  Busch's  theorem  can  be  used  to  calculate  the  beam 
alpha  for  other  values  of  the  diode  and  solenoidal  field.  These 
experimental  data  are  in  good  agreement  with  results  of  the  Stanford 
Electron  Optics  (Hermannsfeldt)  code.  The  thickness  of  the  radiation 
darkened  rings  can  be  used  to  measure  axial  beam  energy  spread 

which  is  estimated  to  be  in  the  range  of  less  than  about  7%.  The  MELBA 
Maser  diode  has  also  been  modeled  on  the  MAGIC  code,  permitting 
calculation  of  electron  beam  energy  spread.  This  can  be  used  to  predict 
energy  spread  in  the  microwave  cavity  region. 
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Abstracts  for  these  dissertations  are  given  below. 

fflGH  CURRENT,  LONG-PULSE  GYROIRON-B  ACKWARD-WAVE  OSCILLATOR 

EXPERIMENTS 

by 

Thomas  Allen  Spencer 

Chairman:  Ronald  M.  Gilgenbach 

Experiments  have  bera  conducted  on  cyclotron  resonance  maser  interactions  to 
generate  high  power  microwaves  err^loying  a  loig-pulse  electron  beam  accelerator, 
MELBA  (Michigan  Electron  Long  Beam  Accelerator),  widi  electron  beam  parameters  of: 

V  =  0.6  -  0.9  MV;  Current  *=  1-50  kA;  and  pulselength  *0.5-13  ps.  To  genmate  high 
power  and  long-pulse  microwaves,  die  interaction  caviQ^  and  magnetic  field  were  designed 
to  excite  the  TEnfimdariientalrnode  gyrotron  backward  wave.  Two  types  of  electron 
beam  are  employed.  One  is  an  armularelectrcm  beam  of  ~  150 -250  amps  which  is 
extracted  through  an  iqiertured-mask  anode  (24  five  mm  holes).  The  odier  is  a  solid 
electronbeam  of  l-2kA  Much  isextractedthrough  a  two  inch  diameter  qiettute.  An 
S-Band,  Vlasov-type  antenna  (with  an  efficiency  of  "10  %)  is  used  to  detect  die  backward 
wave  power  at  die  diode  end  of  the  interactitm  cavity.  A  series  of  high  pass  waveguide, 
low  pass  coaxial  and  cylindrical  cavity  fitequency  filters  ate  enylqyed  to  show  die  existence 
of  the  gyro^iackwaid- wave,  as  well  as  show  the  magnetic  tunability  of  the 
gyrotroii-backwaid-wave.  In  the  solid  beam  case  (1  -  2  kA),  about  300  -  800  kW  of 

extracted  microwave  power  was  detected  in  die  wav^uide  detection  tystem,  imp^ring  diat 

approximately  3-8  MW  (efficiency  -I  -  2  %)ci power  is  generated  fiom  the  gyro-BWO 
device.  The  pulselengthsftx' the  scdid  beam  case  were  fix>m3(X)- 600  ns  (essentially  the 
total  flat-top  vtdtage  pulselength)  over  a  frequency  range  of  43- 6  GI^  Theannular 
beam  generated  ippraximately  10 -^kW  extracted  mktowave  power  for  voltages  600 
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.  650  kV  (device  efficiency  of  -  0,1  -1% )  and  about  100  -  300  kW  of  extracted  microwave 
power  (device  efficiency  of  1  -  2%)  for  voltages  of  850  -9(X)  kV.  Pulselengths  for  the  600 
-  650  kV  interaction  were  from  100  -  600  ns  for  a  frequency  range  of  4,5  -  6  GHz,  and 
pulselengths  for  the  850  -  900  kV  interaction  were  from  40  -  100  ns  (which  cotiespcmds  to 
the  initial  overshoot  of  the  voltage  pulse)  for  a  frequency  range  4  J  -  6  GHz. 

ABSTRACT 

BRAGG  RESONATOR  CYCLOTRON  RESONANCE  MASER 
EXPERIMENTS  DRIVEN  BY  A  MICROSECOND,  INTENSE  ELECTRON 

BEAM  ACCELERATOR 


by 

Jin  Joo  Choi 


Qudn  Prof.  Ronald  M.  Gilgeabach 

The  qrdotroa  lesonanoe  maser  (ORh^  has  proven  to  be  attractive  frv  nuD^  high 
iwvrormicrovrsroiypiicatioitt  such  as  fasioo;dasma  heating,  tadai/ooinnnmications,  and 
high  gradient  RFaoodecstoa.  MostofdiepfevioosCRMesqierimentswifhMVdectron 
beams  have  been  oondneted  with  short  (<  0.1  |isec)  poises.  Hie  present  work  contains 
die  first  oooqxehensive  eiqieiimental  study  on  mode  oonqietition  in  a  higM)  Bragg 
lesonator  CBM  eoqdoying  a  mkroeeoood,  idadvistie  dectran  beam. 

We  have  designed  and  fidnicated  a  high<2  sfarasoidal  Bragg  lesoiiatar  designed  to 
excite  hi^  frequency  CABM  oscinatko  of  die  TBji  qdindiical  cavity  mode  at  18.9  QHz. 
The  measured  leflecdvity  of  the  TE31  mode  is  consistent  widi  die  predictioo  of  uncoupled 
single  mode  dieoiy. 

A  high  quality  annular  eleettoo  beam  with  low  vdocity  spread  and  energy  spread 
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IS  jxodnced  duoagh  an  i^)atuied  mask-anode.  Tlie  iq)ertiired  electron  beam  has  been 
characterized  the  use  of  glass  plate  diagnostics.  The  measnred  beam  yelod^  ratio, 
y|/V|,  was  shown  to  be  in  agreement  with  conqxitsrsiniulatioa  results  and  die  theoretical 
inedictiQas. 

Experiments  have  been  performed  for  4  cases;  (1)  Bragg  restmator  with  ripples 
half-inward,  (2)  large  smooth  tube  widiout  Bragg  resonatw,  (3)  Bragg  resonator 

with  ripples  hilly-outward,  and  (4)  small  diameter  smooth  tube  widiout  Bragg  resonator. 

The  Bragg  resonator  with  r^les  half-inward  generated  high  power  microwave 
radiation  from  TE{|  gyro-BWO  intemctioos,  TE21  absolute  instability,  and  high  harmonic 
gyrotixMi  modes.  Considerably  less  power  from  the  TEn  gyro-BWO  was  observed  for 
the  Bragg  resonator  widi  triples  fulty-ontward.  The  microwave  emission  from  die  TE21 
absolute  instability  in  the  Bragg  resonator  with  ripples  frilly-ontwaid  was  snccessfuUy 
si^pressed  by  lowering  the  caviQr  magnetic  field. 

These  three  undesired  oscillations,  CTBzt  absolute  instability,  TEn  gyro-BWO, 
TE51  second  and  third  harmooic),  were  die  most  seiioas  oonqietiiig  modes  in  die  present 
Bragg  resonator  CRM  C]q)eriineats,typareo^  suppressing  the  TBsiCARMoscillatioo. 

For  the  Bragg  resonator  widi  tipides  half-inward,  we  have  performed  gyrotron 
eiqieriments  widiahighciinentelectroobeam.  In  these  experiments,  we  have  observed 
mode  conqietition  between  the  TE21  absolute  instabUiQr  and  die  TEn  gyro-BWO 

interacdonbydienseQffiBqngneymeamreiTienlxaiMlgMlimalfiloamdiagwneA^ 
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4o  Af^pUeA  L ■^2• 

Gyrotron-backward-wave-oscillator  experiments  utilizing  a  high 
current,  high  voltage,  microsecond  electron  accelerator 
Thomas  A.  Spencer,  Ronald  M  Gilgenbach,  and  Jin  J.  Choi* 

Intense  Energy  Beam  Interaction  Laboratory,  Nudear  Engineering  Dq}artnient, 
University  of  Michigan,  Ann  Arbor,  Michigeai 48109-2104 


We  iq;)Ort  Ibe  first  gyrotion  backwaid-\vaveK)scil]aiar  experiments  to  produce 
high  power  (tube  power  of  ~  1  -  8  MW),  long-pulse  (0.3  -  1J2  ps)  microwaves 
at  high  currents  (0.1- 2  kA)  and  high  voltages  (650 -750  kV).  Experiments 
were  performed  in  the  TEn  fundamental  backward-wave  mode,  widi 
efficiencies  -  2%.  Mode  oonq)etiticn  was  observed  ^idiidi  is  believed  to 

otiginafB  fimn  die  TE21  absolute  instability. 
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Electron  cyclotron  resonance  masers  (ECMs)  have  the  potential  of  producing  high  power 
microwaves  for  many  applications  such  as  fusion  plasma  heating^  bulk  material  heating^,  and 
radar.  Gyrotion  backward  wave  oscillators  (gyro-BWOs)  make  excellent  high  power  devices  due 
to  the  relative  insensitivity  to  beam  velocity  spread  and  beam  voltage  fluctuations  when  compared 
to  other  electron  cyclotrcm  resonance  devices  like  the  gyro-TWT^'^,  gyrotron^,  and  CARM^.  This 
insensitivity  to  beam  velocity  spread  and  voltage  fluctuation  allows  the  use  of  a  low  quality 
electron  beam  generated  from  explosive  emission  cathodes  used  in  accelerators  which  produce 
gigawatts  of  e-beam  power.  Gyro-BWOs  have  the  advantage  of  being  fast-wave  devices  and 
employing  a  simple  hollow  tube.  This  leads  to  the  possibility  of  enhanced  powar  handling 
capabilities,  since  a  periodic  structure  is  not  necessary  as  in  conventional  backward-wave- 
oscillator  devices.  Previous  and  recent  gyro-BWO  experiments  have  concentrated  on  low  current 
(<  10  amps)  and  moderate  voltage  (<  100  kV)  e-beams,  and  have  obtained  1  -10  kW  of  output 
power  with  efficiencies  of  up  to  15%^'^. 

In  this  letter,  we  report  the  first  gyro-BWO  expoiments  employing  a  high  voltage  (600  -  750 
kV),  high  current  (ISO  -  2000  A),  long-pulse  (OJ  ■  4  ps)  electron  beam 

The  experimental  configuration  is  shown  in  Figure  1.  The  electron  beam  produced  by  MELBA 
(^chigan  Electron  Long  Beam  Accelerator)^^  is  emitted  from  a  cotton  velvet  cathode  surface  in  a 
uniform  magnetic  field.  The  e-beam  is  extracted  through  a  carbon  anode,  and  then  adiabadcally 
compressed  by  the  maser  solenoidal  coils  as  it  propagates  towards  the  intmuction  region. 
Experiments  utilized  eitber  of  two  anodes.  The  first  anode  gave  an  armular  e-beam  of  ISO  -  300 
amps  extracted  through  24  holes  of  5  nun  in  diameter  drilled  on  a  circle  of  2.52  cm  radius  on  a 
carbon  plate.  A  secoodtype  of  anode  generateda  solid  e-beamof  1  -2kAextractBdduoughaS.l 
cm  diameter  hole.  The  maser  solenoidal  magnetic  field  and  the  smoodr  interaction  tube  are 
designed  to  excite  the  TEu  fundamental  mode  backward-wave.  The  masa  solenoidal  coils, 
which  generate  a  nuignetic  field  of  3  -  7  kG,  and  the  diode  nuignetic  field  coils,  with  a  magnetic 
field  range  of  0.4  -  0.9  kG,  are  independendy  pulsed  to  allow  control  over  the  e-beam  velocity 
ratio,  a  »  Vj^/V||.  The  interaction  tube  has  a  radius  of  1.93  cm,  which  sets  a  TEi^  mode  cutofi 

fiequency  of  4  JS  GHz,  andalengdiof  S0.Scm.  After  exiting  die  interaction  region,  the  e-beam 
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is  deflected  into  the  wall  of  the  drift  tube  by  a  pair  of  permanent  magnets.  The  backward  wave 
generated  in  the  interaction  region  is  extracted  at  the  diode  end  of  the  experiment  by  a  modified  S- 
Band  rectangular  waveguide  antenna,  which  is  cut  at  a  30°  angle  relative  to  the  broad  wall  and 
collects  about  9%  - 1 1%  of  the  tube  power.  After  extraction,  the  microwave  signal  travels  through 
a  0.64  cm  lucite  window  and  through  a  waveguide  detection  system  that  consists  of  several 
different  bands  of  rectangular  waveguide  and  coaxial  low  pass  filters  to  determine  the  frequency 
range  of  the  interaction  (G-band,  f^o  =  3.  IS  GHz;  J-band,  f^o  =  4.30  GHz;  and  H-band,  f(^  = 
5.27  GHz).  The  signals  are  detected  by  coaxial  diode  detectors  and  displayed  on  fast 
oscilloscopes.  A  calorimeter  is  located  at  the  downstream  aid  of  the  experiment  to  measure  the 
reflected  backward  wave  energy  for  comparison  to  that  detected  in  the  waveguide  detection  system 
located  at  the  diode  end.  A  copper  guiding  screen  is  used  to  direct  the  microwaves  onto  die 
calorimeter,  which  is  placed  90  degrees  off-axis  so  diat  die  e-beam  will  not  stiikB  die  calorimeter. 

The  uncoupled  dispersitm  reladon^^  for  an  electron  beam  interacting  with  a  waveguide  can  be 
obtained  by  simultaneously  solving  the  waveguide  vacuum  modes 

(1) 

and  the  beam  cyclotron  modes, 

(2) 

where  is  the  cavity  cutoff  frequency,  Iq^  is  die  axial  wavenumber,  c  is  die  speed  of  light,  Vjq  is 
the  axial  vdocity  of  die  beam,  s  is  die  harmonic  number  (s  « 1  is  the  fundamental  mode),  and  is 
the  reladvistic  cydotron  resonance  firequency,  ^oeB/ym  where  e  is  die  electron  charge,  B  is  the 
magnetic  field,  yia  die  relativistic  factor,  and  m  is  the  mass  of  die  dectron. 

Figure  2  shows  an  tmooopled,  e-beam-filled  cavity  dispersioo  relation  diat  illnstntes  die  TEji 
fundamental  cyclotron  mode  (s«l)  and  second  harmonic  (s«2)  backward-wave  intersections,  as 
well  as  the  TE21  mode  intersections  for  typical  parameters  used  in  die  eiqieriments:  -  750 

kV;  =  2  kA,  a  =  0.65;  B-field  =  6.3  kG. 

Figure  3  depicts  typical  data  obtained  for  the  solid  and  annular  e-beams.  The  top  traces  of 
Figures  3(a),  3(b)  and  3(c)  show  accelerator  voltage  pulses.  The  bottom  trace  of  Hgure  3(a),  and 


the  center  traces  of  3(b)  and  3(c)  show  microwave  data  signals  detected  in  the  frequency  range  of 
3.2  ^  f  ^  6.6  GHz.  The  bottom  traces  of  Figures  3(b)  and  3(c)  show  microwave  data  signals 
detected  in  the  frequency  range  of  5.3  ^  f  ^  8  GHz.  The  center  and  bottom  traces  of  Figures  3(b) 
and  3(c)  are  on  approximately  the  same  scale.  Figure  3(a)  depicts  the  signals  obtained  for  the  solid 
beam  (Ibeam  ^  magnetic  field  of  4.8  kG,  and  demonstrates  the  microwave  signal 

exists  almost  solely  in  the  range  of  3.2  ^  f  ^  5.3  GHz.  The  peak  of  the  emission  signal 
corresponds  to  -120  kW  of  extracted  power,  or  -1.2  MW  of  tube  power.  Figure  3(a)  also  shows 
that  the  emission  signal  remains  within  the  frequency  band  throughout  the  flattop  of  the  voltage 
pulse,  -1.2  |is  in  duration. 

As  die  magnetic  field  is  increased,  the  microwave  signal  is  detected  in  both  fiequmcy  ranges,  as 
demonstrated  in  Rgore  3(b)  (B  »  6.6  kG),  which  shows  the  microwave  data  signal  lies  widiin  5.3 
^  f  ^  GHz.  The  peak  of  the  microwave  emission  corresponds  to  -550  kW  of  extracted  power 
(about  5.5  MW  of  tube  power).  Based  on  the  data  given  by  Figures  3(a)  and  3(b),  and  the 
dispersion  relations,  the  emission  signals  were  determined  to  be  the  TEn  fimdamental  mode 
gyrotron  backward-wave  interaction.  The  last  peak  of  the  microwave  data  signal  in  the  bottom 
trace  of  Figure  3(b)  has  a  frequency  range  of6.6^f^  8  GHz,  and  could  be  die  TE21  fundamental 
mode  absolute  instability  (as  shown  in  Figure  2)  competing  with  die  fundamental  lEu  gyrotron 
backward-wave  interaction.  Also  observed  (but  not  shown)  in  the  solid  beam  experiments  was 
short-pulsed,  spiky  emissitm  believed  to  miginate  from  the  TEji  second  harmonic  gyrotron 
backward-wave,  with  the  extracted  power  qiproximatety  10  kW,  less  dian  a  tenth  of  that  seen  for 
the  fimdamental  TExi  mode.  Figure  3(c)  shows  typcal  microwave  signals  for  the  annular  beam 
(I|,eiQi  -200  amps,  B  «  5.0  kO)  which  demoiutrate  kmg-pulse  mierowaves  oi  -  630  ns  in  die 
fiequentty  range  of  3.2  ^  f  ^  5.3  GHz.  The  emission  signal  peak  cooesponds  to  -80  kW  of 
extracted  microwave  power  (-0.8  MW  of  tnbe  power),  about  one-tendi  diat  observed  with  the 
solid  beam. 

Proof  that  die  interaction  is  the  lEj  1  fimdamental  backward-wave  intaaction  is  demonstrated  in 
two  ways.  The  first  is  that  the  emission  fiequency  is  shown  to  be  less  dian  diat  of  die  cyclotron 
resonance  frequency  (fV^)  ^  ^  annular  e-beams,  as  shown  in  Kgure  4.  The 


solid  line  in  Figure  4(a)  gives  the  theoretical  frequency  for  an  uncoupled  e-beam-filled  cavity 
dispersion  relation  with  a  =  0.65,  and  It,eam  =  “  Figure  4(b)  gives  the 

theoretical  frequency  with  a  =  0.65  and  Ibgam  =  300  amps.  The  dashed  line  in  Figures  4(a)  and 
4(b)  is  the  emission  frequent^  equal  to  the  cyclotron  resonance  frequency  (f^  =  CljIlTt).  Note  that 
all  the  measured  frequencies  lie  below  diis  line  and  thus  the  interaction  is  the  backward  wave.  For 
the  atitiiilar  beam,  die  value  of  a  has  been  determined  from  both  Cerenkov  and  radiation  darkening 
of  a  glass  plate^^,  and  from  the  EGUN  code^^  For  the  solid  e-beam,  the  spread  in  alpha  is  large, 
from  0.05  -  0.7.  The  second  way  to  demonstrate  the  existence  of  the  backward  wave  is  that  the 
frequency  of  interaction  increases  as  the  nugnetic  field  increases,  as  shown  in  Figures  3(a),  3(b) 
and  4. 

Figure  5  shows  a  summary  of  the  annular  and  solid  beam  data.  The  solid  beam  provided  the 
highest  extracted  powers  (300  -  800  kW),  typically  five  to  ten  times  higher  than  that  of  die  aimular 
beam  (10  -  80  kW)  with  similar  e-beam  and  magnetic  field  parameters.  The  solid  e-beam  is 
expected  to  couple  more  strongly  to  the  TEu  mode  which  has  a  peak  of  the  electric  field  on-axis. 
For  the  annular  beam,  higher  extracted  powers  (ckpicted  by  qien  circular  data  points  in  Fig.  5) 
were  obtained  for  higher  electron  beam  volumes  (850  -  950  kV)  corresponding  to  the  initial 
overshoot  of  the  voltage  pulse.  This  increased  energy  with  the  annular  beam  is  due  to  die 
electrons  having  more  peipendicular  energy  at  higho’  beam  voltages  to  anqilify  die  electromagnetic 
waves.  Based  on  the  value  of  Ibeam  ^  annular  e-beams,  the  efficiencies  are 

determined  to  be  approximately  the  same  (about  1-2%  overall  device  efficimicy),  demcmstrating 
the  gyro-BWp  is  insensitive  to  the  e-beam  energy  spread.  The  relatively  low  ^ciency  may  be 
due  to  the  low  a  and  space-charge  limiting  effects,  or  reabsorbtion  of  microwave  power  in  the 
tube  regitm.  Saturation  effects  at  high  currents  have  been  previously  observed  in  Russian 
gyrotron  experiments.^^ 

In  summary,  the  gyro-BWO  has  been  shown  to  produce  high  power  (tube  power  of  ~  1  -  8 
MW),  Irmg-pulse  (0.3  •  1.2  ps)  microwaves  at  high  currents  (0.1  -  2  kA)  and  high  voltages  (650  - 
750  kV)  in  the  TEn  fundamental  backward-wave  mode,  widi  efficiencies  of  about  1  -  2%.  Also 
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observed  was  possible  mode  competition  from  the  TE21  absolute  instability,  and  short-pulse 

emission  believed  to  originate  fiom  the  TEu  second  harmonic  backward-  wave  interaction. 
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Figure  1)  Experimental  Configuration 

Figure  2)  The  uncoupled,  e-beam-fiUed  cavity  dispersion  relations  illustrating  the  fundamental 
(s=l)  and  second  (s=2)  harmonic  intersections  between  the  TEu  and  TE21  cavity  and  e-beam 
modes.  The  parameters  are:  «  750  kV;  Ik,,,,.  =  2  kA,  a  =  OJ;  B-field  =  6.3  kG. 

Figure  3)  Experimental  data  signals,  (a)  top  trace:  Voltage  (310  kV/div);  bottom  trace:  microwave 
signal,3.2  ^  f  ^  6.6  GHz,  peak  extracted  power  '•120  kW.  (b)  and  (c)  top  trace:  Voltage  (310 
kV/div);  center  trace:  microwave  signal,  3.2  f  ^  6.6  GHz;  bottom  trace:  microwave  sigital,  5.3  ^ 
f  ^  S.GHz.  The  center  trace  in  (b)  has  a  signal  peak  corresponding  to  ~550  kW  of  extracted 
power,  while  the  center  trace  in  (c)  has  a  signal  peak  of  ~80  kW  of  extracted  power,  (a)  and  (b) 
are  fiom  the  solid  e-beam  erqperiments,  and  (c)  is  data  from  tire  annular  e-beam  experiments. 
Figure  4)  The  measured  emission  frequency  as  a  function  of  die  relativistic  cyclotron  frequency. 
The  dashed  line  is  the  fe  =  0.^/1%  line,  (a)  is  the  solid  beam  data,  where  the  solid  line  is  the 
theoretical  frequency  for  an  uncoupled  e-beam-filled  dispersion  relation  for  a  =  0.65,  and  Ij,eam  “ 
IJkA.  (b)  is  the  annular  beam  data,  where  the  sdid  line  is  die  dieoreticalfinequency  for  as  0.65 
and  s  3(X)  A. 

Figure  5).  Microwave  peak  extracted  power  as  a  function  of  die  beam  current  for  die  annular  and 

solid  dectron  beams.  E7  are  the  measured  data  points  whme  3.2  ^  f  ^  6.6  GHz;  4  aic  the 
measured  data  points  where  5.3  ^  f  ^  8  GHz;  and  ^  are  the  measured  data  points  obtained 

during  the  initial  voltage  overshoot  vdiete  3.2  ^  f  ^  6.6  GHz. 


Hguie  1)  Experimental  Configuration 
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Hgttie  2)  The  nnoonpled,  e-beam-fiUed  caviQr  dispenion  idattoos  illiistratiiig  tbe  fundamental 
(8«1)  and  second  (8*2)  hannonic  intenectkms  between  die  lE|i  and  TE21  cavity  and  e-beam 
modes.  ‘Tbcparamelersaie:  750  kV:  2  kA.a»  05:  B-fidd»  63  kG. 
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f  ^  8.0Hz.  The  center  trace  in  (b)  has  a  signal  peak  corresponding  to  ~5S0  kW  of  extracted 
power,  while  the  center  trace  in  (c)  has  a  signal  peak  of  ~80  kW  of  extracted  power,  (a)  and  (b) 
are  data  from  the  solid  e-beam  expoiments,  and  (c)  is  data  from  the  annular  e-beam  experiments. 
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Kgai®4)  The  measured  cnnsikmfieqqeDcy  as  a  fiinctioo  of  ihe  relativistic  ^clo<n» 

The  dashed  line  is  the  4  «  Q/2x  line,  (a)  is  the  solid  beam  data,  where  the  solid  line  is  the 

theoretical  finqnenqr  te  an  unemvled  e4ieam-fQled  diQMnioo  idation  o  -  0.6^^ 

IJkA.  (b)  is  the  annular  beam  data,  where  the  solid  line  is  the  theoretical  fieqoeiicy  for  a -0.65 

«ndI|^-300A. 


Hgmc  5).  Microwave  pcjJc  extracted  power  as  afimctioo  of  the  beam  cmreat  for  the  aimular  and 

Mdid  electroo  beams.  B  an  tbc  measured  data  points  where  6.6  01^  4  are  the 

mcasnred  data  points  where  53  ^  f  ^  8  QHc;  and  ®  are  die  measured  data  pcdnts  obtained 

during  die  ini^  vtdtage  ovecshooc  where  33  2»  f  ^  6.6  G&. 
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Measurement  of  long-puise  relativistic  electron  beam  perpendicular- 
to-parailel  velocity  ratio  by  Cerenkov  emission  and  radiation  darkening 
on  a  glass  plate 

J.  J.  Choi,  R.  M.  Gilgenbach,  T.  A.  Spencer,  P.  Menge  and  C.  H.  Ching 
Intense  Energy  Beam  haeraction  Laborato^,  Nudear  Engineering  Department, 

The  University  of  Michigan.  Ann  Arbor.  Michigan  48109-2104 

(Received  18  January  1991;  aocq>ted  for  publication  29  October  1991) 

We  report  measurements  of  the  ratio  of  the  perpendicular  vdodty  to  the  parallel  vdodty,  a 
s:  i>x  /I’l*  of  *  relativistic  electron  beam  gyrating  in  a  magnetic  field  by  the  use  of  ( 1 } 

Cerenkov  emission  from  a  ^ass  plate,  detected  by  a  gated  microchannd  plate  image  intensifier 
camera,  and  (2)  electron-beamoinduoed  radiation  darkening  pattern  on  the  same  glass 
plate.  The  measurements  are  based  on  a  direct  determination  of  the  Larmor  radios  <»f  an 
electron  beam  known  energy.  Eqieriments  were  performed  on  a  long-pube  electron 
beam  accelerator  with  e-beam  diode  parameters:  Vd  »  0.6-0.9  MV,  pulse  length  =  (X5~l  /rs, 
lo  =  1-10  IcA.  The  ejqwrimental  value  of  a  agrees  with  simulation  results  from  particle 
trajectory  codes  as  well  as  theoretical  predictions  firom  Busch’s  theorem  and  adiabatic  theory. 


L  iNmooucnoN 

Rdathristtc  electron  beams  produced  by  cold  fidd 
emissioo  cathodes  are  important  in  a  number  of  research 
areas,  such  as  higb-power  microwave  generation  by  deo- 
tron  cyclotron  resonance  masers  (CRM),'  gas  laser 
pumping,^  and  fusion  plasma  heating.^  In  a  CRM,  the  res¬ 
onance  condition  between  the  e  beam  and  the  wavqnide 
mode  in  a  cavity  is  sensitive  to  the  rath)  of  the  perpendio- 
ular  vdodty  to  the  paraOd  vdodty,  a  ■«  Ox  /0|.  ^  the  e 
beam  gyrating  in  an  external  magnetic  Add.  because  the 
radiated  microwave  frequency  is  «  where 

ti|  is  the  axial  vdodty,  ^  rdativistic  rydotron  fire- 
queacy,  and  k|  is  the  axial  wave  number  of  the  beam  qr- 
clotron  mode.  Thus,  the  beam  vdodty  ratio  a,  ranging 
from  (X2  to  2  in  CRM  devices,  and  its  Sinead  are  inqmrtant 
parameten  to  aocuratdy  measure  fat  s^  devices. 

The  tiansverM  dectron  momentum  and  its  S|nead 
have  been  previously  diagnnswl  by  the  use  of  the  x-«qr 
radiation  pattern.^  Cerenkov  plates  have  been  utilixed  dse- 
where  fbr  emittanoe  measurementa.’ 

We  describe  here  a  newyeduuque  of  determining  the 
beam  vdodty  ratio  by  the  nae  of  Cerenkov  emission  firom 
a  glass  plate  diagnostic  widim  gated  mkrodiannd  jdate 
image  intenaifler  camera.  The  ckction  beam  indoced  radi- 

athw  darkening  alao  provides  good  esthnatioo  of  the  a. 

\ 

IL  THEORY 

When  an  mtenae  beam  of  clectrom  moves  thfoogfa  a 
dielectric  mderial,  anch  as  a  glass  plate;  at  a  qwed  {v) 
rgmeeding  that  of  Gj^t  in  the  substance,  Cerenkov  radia- 
tiooiseniittadhiaooneofhalfttigled,vHthoosd«> 
where  a  is  the  inda  oTrefiraction  of  the  didectric  matetiai, 
fi  is  s/c,  and  e  k  the  Ugbt  vdodty  in  fine  apace.  The  beam 
fbr  a  OUd  has  a  certain  pitdi  angle  (Qfpkally  KT-fiCT) 
when  entering  dm  glaas  convertor,  so  tiM.die  Cerenkov 
cone  k  tilted  as  depicted  in  Fig.  1(a).  As  the  «  beam  loses 
its  ktnede  energy  fa  the  meifinni.  the  cone  an^  becomes 

snudler.  Unlike  flooresoenoe  or  lomineacenoe,*  Cerenkov 

1 
I 

Rev.  Set  Inalnim.  63  (2);  Fabniary  1M2 


radiation  requires  that  the  beam  energy  exceed  a  thresbdd 
fa  order  to  generate  li^it  The  threshold  abeam  energy  k 
given  as  —  —  IJ,  where  mo  “the 

rest  mass.  For  glass  (ab  1.45),  the  cone  ani^k  about  4(r 
for  ^«0.9  and  k  about  IW  keV  vriuch  k  wdl  bdow 
the  typical  dectron  beam  energies  obtafaed  Cram  most 
pulsed  power  abeam  acoderators. 

In  high  cniient  CRKfr,  the  dectron  beam  k  produced 
from  an  eaqdoaive  fidd  emksinn  cold  cathode  fa  a  fidd 
immersed  diode.  The  beam  k  adiabaticaPy  compmsed  at 
it  propagates  fifom  the  cathode  to  die  interaction  tegioo 
along  an  increasing  externally  iqiplied  magnetic  fidd,  as 
shown  fa  Fig.  2.  During  compression,  the  #  beam  conserves 
ht  canonical  angular  momentum  fa  an  axkymmetiic  sys¬ 
tem  (Busch’s  tbemem): 

F,«(mn/2)(ri-r§),  (1) 

where  O,  eB/m  k  the  nonrdativktic  cyclotron  fire- 
quency,  k  the  Larmor  radios,  and  rb  “  ^  beam  guiding 
center  radios.  One  can  rdate  the  Larmor  radius  of  an  e 
beam  in  die  interaction  region  to  the  beam  radius  and  the 
applied  magnetic  fidd  as 

V'2  +  (^i/^)(''li -'■?).  (2) 


where  rL|(r£3)  k  the  Larmor  radios  fa  the  diode  (fa  the 
interaction  region),  r|  k  the  beam  tadins  at  the  cathode, 
ty  k  the  beam  guiding  center  fa  the  interactian  region,  and 
Bi  and  1^  are  the  external  magnetic  fields  at  die  cathode 
and  interactioo  region,  respectively.  If  we  know  the  in¬ 
jected  beam  energy  y  *■  (1  —  (ft  +  and  the 

Larmor  radios  fiiyc/Ci^  whereft  *  ^i/e  and  B| 
=  0|/c,  we  can  express  the  beam  vdo^  ratio  as 


ft  /(y*--i)c* 


(3) 


where  a  monoeneegede  electron  beam  was  assumrd  during 
the  adidwtic  comptesakm. 


g>  1962  American  InelllMie  of  Physica 


1 


c-lb 


1 


(*)  glass  plate 


When  the  electnm  beam  is  adiabatically  oomptessed, 
the  numeric  moment  n  >=  nuJ^/lB  it  invariant  This  al¬ 
lows  us'  to  write  the  beam  vdoctty  ratio  in  the  intencrion 
region,  ag  terms  d  ai: 


The  qnead  of  axial  momentum  and  transverse  mo¬ 

mentum  Pi,  is  rdated  to  the  spread  of  a  through 

l^ll  |Aa| 

P|  “  a  T+c? 


ois  ObS  an 


-aw 


and  (5) 

Pi  a  T  +  c? 

because  APi  =  —  By  taking  the  derivative  of  yf 

=  (1  —  one  can  derive  the  axial  energy  spread  as 

l^nl  l^il  ^ 

ri  “  f,  ‘  ’ 

where  A/*|  or  Aa  can  be  estimated  from  the  spread  of  the 
Larmor  radius.  In  deriving  the  equations  of  the 
momentum/energy  spreads,  a  monoenetgeric  dectrcm 
beam  is  assumed,  or  dy/y^O.  It  should  be  pointed  out 
that  the  expressum  deiiv^  for  the  momentum/enei^gy  is 
only  iqnttoximate  because  of  the  lack  of  perfectly  constant 
etqMtimental  beam  energy.  However,  as  wiQ  be  shown  in 
the  aecrion  of  experimental  results,  sinoe  the  beam  voltage 
is  very  flat,  Eqs.  (S)  and  (6)  are  reaaonaUy  qqHopiiate. 
The  diode  current  does  not  dunge  rapidfy  enou^  that 
inductive  effects  on  y  need  to  be  considered. 

As  described  in  the  fdkming  aecrion,  the  beam  vdoo- 
hy  ratio  a  can  be  determined  from  a  direct  measurement  cff 
the  Larmor  radius  and  compared  wirii  simulation  results 
from  an  efectrostaric  parri^  trqiectoiy  code*  and  the 
MAGIC  deetromagneric  PIC  code.’ 

IIL  EXPERIMENTAL  CONFIGURATION 

A  sketch  of  the  esperimental  configuration  is  dKnm  in 
Fig.  2.  A  poised  highl>oiw  electron  beam  was  produced 
by  the  Midiigan  Electron  Long  Beam  Aoodecator 
(MELBA)”  with  eheam  parameters  Vg  -  a6-a9  MV, 
pubelengdi— OiS-l^/paB  1-lOkAGsriiodevdtageis 
measured  using  a  balanoed,  water/oopper-sulidute  resis¬ 
tive  divider.  The  planar  cathode  is  made  from  carbon  fidt 
and  has  a  7.6  cm  MmmMfr  with  an  ahmunum  shidd  vdiidi 
ooveis  the  edge  of  the  carbon  ^  cathode.  The  anode- 
cathode  gap  is  6.9  cm.  The  entite  sutftce  of  the  aluminum 
cathode  except  the  beam  carbon  fldt  emitting  area  is  cov¬ 
eted  vririi  three  coats  of  ^lyptal,  an  dectricahy  insnlating 
enamd.  This  ^yptal  coating  h^  prevent  nndesired  dec- 
tron  Add  rmimiou  from  the  ahmunum.  To  sdect  a  hi^ 
quality  dectron  beam  from  a  large  area  solid  beam,  we 
have  dffignfd  an  apertnred  made  anode  (Fig.  2),  oonaist- 
ing  of  etfit  holes  (hole  diameter  »  0.11  cm)  in  a  0.32-cm- 
riiidc  grapUle  anode  plate  (POOO  ipaphile^  DFP-2).  The 
apertares  are  equalty  qiaoed  in  a  ring  of  mdins  2.S2  cm 
Grom  the  center  of  the  anode  plate.  The  ring  radius,  equal 
to  2.52  cm,  is  oprimmed  for  rim  cavity  mode  and  g  required 
for  CRM  operarioiL  The  apertures,  triiich  have  a  diameter 
of  0.11  cm  (vHrich  is  ooe4hitd  at  riie  plate  thidaiess), 
permit  onty  the  dectron  beam  with  a<0J3  to  pass 
throng  the  anode.  Each  hole  allows  about  1 A  of  dectron 
beam  to  pam  riiroa^  measured  by  a  Rogowski  coil  idaoed 
in  the  flange  directly  after  die  mask  anode.  Chrrent  density 
is  estimated  at  —lOO  A/cm*  adiidi  is  about  the  same  as 
that  rqxxted  by  Samlfai.**  The  magnetir  Add  odQs  in  die 
<Bode  and  nnifram  region  are  independendy  pulsed  from 
two  diflerent  capadtor  banks,  widi  die  profile  shown  in 
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Fig.  2.  It  should  be  pointed  out  that  the  electron  beam  with 
eight  bearalets  is  not  axisymmetric  and  thus  the  canonical 
angular  momentum  in  Eq.  (1),  Pg,  is  not  strictly  con¬ 
served.  Therefore,  the  comparison  between  our  measure¬ 
ments  and  the  Busch’s  theorem  is  only  approximate. 

The  Cerenkov  convertor  is  made  of  ^de  cover  glass 
(from  Kodak,  typically  Schott  type  B-270)  with  a  thick¬ 
ness  of  0.13  cm.  Patterson  era/.**  and  Downey  have 

shown  that  glass  is  an  excellent  dielectric  material  as  a 
Cerenkov  convertor.  A  glass  plate  is  chosen  because  it  has 
several  advantages:  (1)  the  gla«  has  an  time  re¬ 

sponse  to  light  emission  (fast  rise  time  and  fast  decay  time) 
and  a  good  correlation  of  li^t  output  to  electron  current 
density,"  which  are  unportant  fior  use  with  a  time-resolved 
gated  camera;  (2)  dectron-beam-induced  color  change  in 
the  glass  (radiation  darkening)  indicates  the  time-inte¬ 
grated  beam  pattern;  and  (3)  a  ^ass  plate  is  low  cost  (slide 
cover  glass)  and  easy  to  fiohion.  To  prevent  eqxisare  due 
to  the  diode  {dasma  light,  the  aide  ci  the  glass  {date  ficing 
the  diode  was  coated  with  Aerodag;  a  odhddal  carbrm 
spray,  until  it  became  opaque.  In  addition,  the  carbon  coat¬ 
ing  prevents  dunge  boiklup  on  the  g^ass  sur&oe. 

The  ^ass  plate  is  located  in  the  unifixrm  field  region 
where  the  perpendicular  vdocity'of  the  e  beam  is  mas- 
mixed  by  adiabatic  conqnesskm.  The  Cerenkov  radiatkm 
generated  is  directed  by  a  9(r  toming  mirror,  focused 
through  an  array  of  lenses,  and  then  recorded  on  a  fflicro- 
chaimd  plate  (MCP)  camera.'^  The  MCP  camera  is  a 
modified  Hasadblad  sin^lens  reflex  camera  with  a  ini' 
orochannd  |date^  ptrudmity  focused  on  a  Pdaroid  film 
back  with  an  90  mm  lens.  To  obtain  a  time-iesdved  pic¬ 
ture,  the  light  is  shuttered  by  gating  tire  microcharmd  plate 
image  intensifier  by  a  40  ns  pnbe.  The  timing  of  the  MCP 
gate  is  set  to  sanqde  the  Gercnkov  Ught  during  the  flat-top 
portion  rtf’ vdtage  pulse.  Neutral  dendty  (ND)  fight  attea- 
nation  fibers  (typically,  ND  *  3-3.1)  are  (fiaoed  in  fixmt 
of  the  MCP  camera  to  avoid  ovcreaqwsure  of  tiie  photo¬ 
cathode.  A  lead  bunker  shidds  flie  MCP  camera  fiom  x 
rays  generated  by  the  «  beam. 

IV.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  3  rqxeaents  datl  firam  a  ghns  plate  eqxiaed  to 
a  sin^  shot,  fiWkV,  8  A,  ei^  aperture  dectroo  beam  for 
over  0.6  ft$  poke  length.  The  externally  pulsed  magnetic 
Adds  are  (XS  kO  m  die  cathode  icgian  mid  S  kO  ht  tile 
nniform  regioiL  The  inuige  of  tiie  MCP  camera  diows 
neariy  afi  heamirta  dearly  p4g.  3(a)l  indicafing  a  foitly 
unifocm  cnrteBt  datiibntion.  As  thown  in  Fig.  3(b),  deo- 
tran-beam-fodooed  radiation  darkcdng  was  observed  in 


the  area  adject  to  tiie  ekctron  bemn  ttglectories.  Sfaioe  the 
radiation  datkenim  mas  observed  witii  wdl-deflned  color 
dimige  (brown),  we  did  not  have  to  nm  a  denattometer. 
The  time-mtegrated  braun  pattern  la  a  direct  measure  of  tile 
beam  Larmor  radns  in  an  external  magnetic  Add.  Because 
the  MELBA  beam  voltage  it  ahnoat  flat  over  0.6  ft$  puke 
length,  thk  integrated  radiation  darkening  k  a  good  dkg- 
nostie  to  exarnme  tiie  beam  behavior  throughout  tile  whde 
vdtage  puke.  The  reprorbicibiltty  of  sudi.a  dear  radktioa 
darkening  image  was  cxodleiit  as  long  as  beam  voltage 
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no.  X  (a)  MCP  cuHn  rketognik  ttCenim  foht,  (b)  ladirtioo 
Onfceaias  ou  Oenakov  gtaw  ptale^  (c)  MEUA  ban  vollaae  (310  kV/ 
«v).  (d)  lalecrMCPcMMn,  (e)  catedemaccamn  (4JkA/dlv). 
(0  apaiand  bon  earnn  (40  A/dhr).  aad  (g)  Mode  canan  (3.S 
kA/dhrl.TheaHeaaieldUiang,  -  0.S  kOaad  A, «  3  kO. 


was  flat  over  tiie  whole  poke  kogtib  The  optiicd  density  of 
the  pettem  was  uniform  fiir  all  d^  beamlets.  It  was  ob- 
aervrf  that  the  radiation  darkerung  left  on  the  glass  faded 
at  room  temperatme  after  aevcrd  inontiis. 
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Based  on  the  direct  visual  measurement  of  the  Larmor 
radius  of  0.35  cm  from  the  center  of  the  radiation  darkened 
rings  on  the  glass  plate,  we  determined  the  beam  velocity 
ratio,  a  of  0.56  where  the  beam  kinetic  energy  was  680  kV 
(y  =  2.33)  daring  the  flat  top  of  the  voltage  pulse.  To 
compare  the  data  with  the  theoretical  prediction,  we  mea¬ 
sured  the  beam  guiding  center  radii,  r|  =  2.52  cm  and 
—  0.9  cm.  The  beam  velocity  ratio  directly  after  the  aper- 
tured  mask  anode,  Oi  =  0.1^  was  (Stained  from  the  com¬ 
puter  siniulation  by  MAGIC  electromagnetic  PIC  code.’ 
The  emission  threshold  electric  field  was  assumed  to  be  20 
kV/cm  on  the  fobric  emitting  surface  and  700  kV/cm  on 
the  glyptal-coided  cathode  stalk.  A  uniform  electron  emis¬ 
sion  on  the  7.6-cm-diam  cathode  was  assumed.  Using  Eq. 
(2)  we  obtained  r£2  =  0.4  cm,  which  is  consistent  with  tltt 
mea«ired  Larmor  radius.  In  additkm,  the  adiabatic  theory, 
as  shown  in  Eq.  (4).  predicted  ai  =  0.58,  which  is  in  good 
agreement  with  the  measured  02  =  0.56.  One  can  interpret 
the  thidcness  of  the  radiation  darkened  rings  [Fig.  3(b)]  as 
a  qiread  ot  the  guiding  center  location  because  of  the  ‘‘fi¬ 
nite’*  size  of  the  holes  and  the  e4ieam  perpendicular  energy 
qnead.  The  measured  thickness  of  ~1  mm  fitom  the  radi¬ 
ation  Harioniing  afiows  an  estimate  of  the  upper  bound  in 
the  spread  of  a  Larmor  radius  of  ±0.5  nun,  ooneqxmding 
to  a  beam  vdocity  ratio  spread  of  ±0.05.  The  calculated 
momentum  and  energy  sfuead  from  Eqs.  (5)  and  (6)  are 
AP|/P|  <  4%,  /Pi  <  14%,  and  Ar|/y|  <  7%,  respec¬ 
tive,  tndieating  that  a  hi^-quality  e  boun  with  low  ve¬ 
locity  qnead  and  low  azial  energy  qnread  is  extracted  firom 
the  apertured  mask  anode.  Note  that  for  a  beam  inth  a 
<  1,  most  of  the  beam  vdodty  spread  comes  finm  the 
transverse  momentum  qnead,  whereas  for  a  beam  with 
a>  1,  the  vdodty  apread  is  mostly  firam  the  axial 
momentum  spread.  This  is  the  mtrinsic  characteristic  of  an 
adiabatic  wMgii#tie  compression  of  the  dectron  beam, 
which  is  seen  in  Eq.  (5). 

The  Stanford  EOUN  code*  is  used  for  oonqMuison 
with  our  a  measurement  Figure  4(a)  shows  the  rvz  tngec- 
tory  predicted  by  the  code  for  a  ain^  680  kV  beam  from 
the  ^)ertured  mask  anode  which  propagates  into  a 
grounded  cylindrical  drift  tube  in  the  downstream  uiiifonn 
magnetic  field,  5  kO,  with  ^  diode  magnetic  fidd,  Bi 
»  0.5  kO.  Uniform  cathode  emission  was  turned  on  in  the 
code  in  the  region  of  the  fobti^  cathode.  Figure  4(b)  shows 
the  predicted  a  for  different  diode  magnetic  fidds  edien 
Bi  is  fixed  at  5  kO  and  is  ai|iosted  fitom  OJ  toa9  kG. 
When  Bt  »  a5  kO,  tiie  code  precficts  the  beam  vdodty 
ratio,  aa  -  0.66,  wliidi  is  h  reasonable  agreement  with  the 
measured  02  »  0lS6  ±  aOS.  In  addition,  the  beam  guiding 
center  radius  after  compression  is  found  to  be  0.9  cm, 
winch  agrees  with  the  measured  guiding  center,  ra 
0.82  ±  0.25  cm.  Althou^  the  EOUN  code  assumes  an 
axisymmetric  system,  the  comparison  between  the  mea¬ 
surements  and  code  results  diows  reasonably  good  agree¬ 
ment  The  values  a  obtained  in  the  present  experiments 
are  oensistent  with  vdues  obtained  firom  fieequoKy  mea¬ 
surements  of  backward  wave  ^dotron  maser  microwave 
emissioo. 

Increadng  the  magnification  factor  ct  the  optied  lens 
4  Rev.  Set  insinmt.  Vet  63,  Na  2,  Febmary  1662 
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FIO.  4.  (a)  Electim  tnueemy  plot  fioa  Ilenniniiffffclt  code  (680  kV. 

—  OJ  kO,  4  —  S  kO);  (b)  plot  of  oaaqmted  bom  vdodty  ratio  (□)  ys 
mundie  fidd  in  the  cathode  rskmi.  The  eaperimentally  masufed  a 
(denoted  by  X)  ii  plotted  fix- 6,  —  OiSkO. 

array  made  it  possible  to  see  a  large  image  ct  a  Larmor 
mbit  (see  Fig.  5).  In  this  shot  we  an>lied  the  magnetic 
eddofBi  «  0.71^3  and  5  kO.Tte  beam  guiding  cen¬ 

ter  radius  agreed  wdl  with  the  one  directly  measured  from 
the  radiation  darkening  althoui^  eadi  Larmor  orbit  fitom 
the  MCP  photograph  shows  a  brightly  filled  ctrde,  rather 
than  an  nnnnlar  ring.  We  noticed  tiud  the  radiation  dark¬ 
ening  produced  a  modi  better  image  of  the  Larmor  orint 
than  the  MCT  photograidL  This  is  because  the  Cerenkov 
light  emission  broadens  with  a  large  angular  q»ead  as  the 
dectnms  randomly  scatter  in  tiie  glass  convertor.  A  ^ass 
modi  thinner  than  an  dectron  range  may  produce  a  better 
time  readved  image.  Anotiier  difficulty  in  the  timore- 
sdved  measurements  b  that  the  dectron^beam-induoed  ra¬ 
diation  darkening  reduces  the  temporal  Cerenkov  embsion 
by  absorption  in  the  glass  during  the  pulse.  However,  the 
Cerenkov  emission  was  mtense  enou^  so  that  nentral- 
dendty  attenuators  were  still  required.  It  should  be  noted 
that  tiiere  were  sonm  other  difficulties  in  gathering  data 
fitom  the  MCP  camera,  such  as  image  focusing  on  the  thin 
glass  convertor,  image  resolntion  of  the  MCP  photocath¬ 
ode  and  aiynsting  intensity  by  tiie  use  of  neutral  den¬ 
sity  Hght  attenuation  fitters.  Thus  we  mainly  rdied  on  the 
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FIO.  S.  Magoified  Larmor  <abiia 
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.  FIG.  6.  (•)  Apertured  made  anode  with  tO  holes,  (b)  fadiatioa  daihea- 
mt  patten,  (c)  beam  voltage,  and  (d)  apertured  beam  cmreiit  (40  A/ 
div). 

ndiatxm  daritening  pattern  in  the  glass  plate,  especially 
adien  examining  the  spread  of  the  beam  energy  and  mo¬ 
mentum. 

Based  <m  the  results  obtained  from  the  8-hole  aper¬ 
tured  mask  anode,  we  fabricated  an  80-hole  apertured 
mask  anode  with  the  same  diameter  and  hole  position  from 
the  anode  center  [see  Kg.  6(a)].  A  single  sh^  with  a  620 
kV  and  30-30  A  electroa  beam  with  pulsed  magnetic  fields 
.0|  0.3  kO  and  B  4.7  kO  producnl  a  cjuliation  darken¬ 
ing  patteni,  as  is  shown  in  Fig.  6(b).  The  observed  beam 
guiifing  center  and  Lannor  radius  are  0.83  cm  and  0J3 
cm,  ieq)ectivdy.  Thus  the  beam  velocity  ratio  is  deter¬ 
mined  to  be  0.^  This  second  apertured  mask  anode  with 
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known  a  has  been  used  to  perform  high-power  CRM  mi¬ 
crowave  experiments.*^ 
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Abstract 

We  report  an  experimental  study  on  mode  competition  in  an  high-Q  Bragg 
resonator  cyclotron  resonance  maser  (CRM)  employing  a  microsecond,  relativistic 
electron  beam.  The  high  quality  annular  electron  beam  of  20  -  80  amps  was  produced 
duough  an  apeitured  mask-anode.  The  high-Q  Bragg  resonator  was  designed  u>  excite  the 
TE31  mode  CARM  oscillation  at  18.9  GHz.  Two  configurations  of  Bragg  resonators 
were  used;  with  ripples  half-inward  and  with  ripples  fiiUy-outward  with  respect  to  a 
smooth  tubular  center  section.  Bragg  resonator  microwave  onission  was  conqiared  to 
radiation  emitted  when  the  electron  beam  interacted  with  smooth  tubes  with  the  same 
diameter  as  die  Bragg  resonator  center  secti(»s.  In  the  present  Bragg  restmator  CRM 
experiments,  three  parasitic  oscillations  woe  the  most  serious  competing  modes, 
apparently  suppressing  the  TE31  CARM  oreiUatitm:  TE21  absolute  instability,  TEji 
gyro-BWO,  sectwd  and  third  harmonic  TE51  mode.  When  a  hig^  current  annular  beam  of 
ISO  -  200  amps  was  injected  in  die  Bragg  resonator,  we  observed  the  TE21  absolute 
in8tabUi^atB^6.9kG,andaTEii  gyro-BWO  interaction  at  B  £  5.2  kG.  Eiqierimmtal 
evidence  on  the  inodes  of  the  absolute  instabilities  were  provided  by  gas  breakdown 
patterns  in  fluorescent  light  tubes  and  fiequency  measumnents. 

*  present  address;  Science  Applications  International  Oxp.,  McLean,  VA  22102 


1.  Introduction 

The  cyclotron  resonance  maser  (CRM)  has  proven  to  be  attractive  for  many  high 
power  microwave  applications  such  as  fusion  plasma  heating  (Gilgenbach  et  al.  1980), 
radar/communications,  and  high  gradient  RF  aooelerators  (Granatstein  1987).  The  CRM 
radiation  mechanism  depends  on  the  relativistic  mass  effect  of  electron  cyclotron  motion 
and  the  arimuthal  hunching  of  gyrating  electron  beams  in  a  static  magnetic  field.  In  the 
CRM  resonance  where  a  beam  cyclotron  mode,  o>  =  s  +  k||V||,  is  synchronized  in 
phase  with  an  electromagnetic  waveguide  noode  in  a  cavity,  (o2  =  +  (k||C)2,  time  are, 

in  general,  two  resonance  points;  tiie  downshifted  interaction  and  the  Doppler  upshifted 
interactum.  Here,  is  the  relativistic  cyclotron  fiequency,  s  is  the  harmonic  number, 
v||  is  the  electron  axial  velocity,  k||  is  the  axial  wavenumber,  (Dco  is  the  wave  cutoff 
fiequency,  and  c  is  the  speed  of  light  The  gyrotron  is  operated  at  the  near  grazing 
incidenoe  and  has  been  proven  to  be  an  efficient  radiatum  source  ((}raiuustein  1987).  The 
operation  of  the  cyclotron  autoresonance  maser  (CARM)  (FUflet  1986)  relies  on  a 
dominant  Doppler  upshifted  interaction.  During  die  beam  and  electromagnetic  wave 
interaction  in  die  CARM,  the  electrcm  raergy  loss  is  balanced  with  a  change  of  electron 
axial  momentum  and  dius  the  detuning  of  the  CRM  resonance  is  automatically  reduced. 
Because  erf  the  large  Doppler  upshifted  amversion,  the  CARM  radiation  fiequency  is  far 
above  the  waveguide  cutoff  fiequencies  and  far  Ugher  dum  the  gyrotron  radiation 
frequency  for  die  same  noagnetiefidd.  One  of  die  major  differences  of  die  CARM  fiom 
die  gyrotron  devices  is  duu  die  CARM  radiation  origiiuues  fiom  axial  bunching  as  well  as 
•dmnriMl  bunching  and  dius  die  radiation  omversion  efBciaicy  is  eiqiected  to  be  high. 
However,  since  the  CARM  interaction  occurs  when  die  wave  phase  velod^  is  close  to  the 
speed  of  li^t  the  radiation  conversion  efficiracy  is  sensitive  to  beam  velocity/energy 
spreads. 

The  CARM  device  has  bera  an  attractive  alternative  to  gyrotrons  since-tfae  first 
theoretical  woric  (Bratman  et  al.  1981)  was  published  and,  in  the  following  year. 
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experimental  results  (Botvinnik  et  al.  1982  a  and  1982  b)  were  rqxnted.  The  first  CARM 
experiment  (Bekefi  et  al.  1989)  in  the  US.  a  35  GHz  CARM  aiiq)lifier  at  MIT,  produced 
10  MW  (3  %  efficiency)  finmn  a  U  MeV.260  A  electron  beam  with  energy  spread  of  less 
than  2  %.  However,  for  CARM  operation  as  an  oscillator,  selective  high  frequency 
external  feedback  is  required  in  order  to  start  cavity  mode  oscillation;  odmwise,  a  higher 
beam  current  would  be  required  for  startup  of  the  CARM  oscillation  than  that  required  for 
the  gyrotron.  A  series  of  periodic  corrugations  of  the  waveguide  surface  provides 
reflection  of  the  wave  when  die  cotiugatkm  period  is  sudr  that  die  radiation  reflected  fmn 
each  of  the  corrugations  is  in  coherent  phase.  With  an  iqiprtqiriate  choice  of  corrugation 
periods,  die  rippled  section  becomes  hi^y  reflective  and  is  known  as  a  Bragg  restmator 
(McCowan  et  aL  1988).  Bragg  resonator  CARM  eiqietiments  are  underway  at  several 
laboratories  in  die  US  (Danly  1990  and  Chong  et  aL  1991). 

Most  of  the  previous  CRM  expoiments  with  MV  electrtm  beams  have  been 
conducted  with  short  (<  0.1  itsec)  pulses.  The  present  work  contains  the  first 
comprehoisive  experimental  sto^  on  mode  conqietition  in  an  high-Q  Bragg  resonator 
CRM  eriqiloying  a  miciosecaod,  relativistic  (rdativistic  factor,  2.37)  electron  beam. 

2.  Experimental  configuration 

The  experimental  configuration  is  dqncted  in  Hgtne  1.  The  experimmts  on  Bragg 
resonator  CRMs  have  been  performed  oa  die  Midugan  Electron  Ltmg  Beam  Accelerator 
(MELBA)  (Oilgenbach  et  aL  1985)  with  e-beam  parameters:  ■  0.8  -  0.9  MeV, 

diode  currents  of  1  -  50  kA  and  pnlselength  between  0.5  psec  and  4  psec.  The  planar 
cathode  is  made  from  carhtm  felt  or  velveteen  and  has  a  7.6  cm  diameter  with  an 
aluminum  shield  widdi  covers  die  e(^  die  fabric  cadiode.  The  anode<adiode  gap  is 
6.9  on.  The  entire  surface  of  the  aluminum  cathode  and  cathode  stalk  except  the  beam 
emitting  area  is  covned  with  ditee  coats  al  glyptal  (Olypeal  1201-A  Red  Bisolating 
Enamel,  manufactured  by  Glyptal  Inc.,  Chelsea,  MA),  an  electrically  insulating  mamel. 


Tliis  glyptal  coating  helps  prevent  the  aluminum  from  undesired  electron  field  emission. 
Cathode  stalk  current  is  measured  by  a  B  dot  loop,  anode  current  is  measured  using 
current  transformers  (Pearson  Electronics  IlOA,  manufactured  by  Pearson  Electronics 
Inc.,  Palo  Alto,  CA)  on  four  low-inductance  current  return  paths,  and  transported  beam 
cuirrat  is  measured  by  a  Rogowsld  placed  in  the  flange  directly  after  the  anode. 
Large  pulsed  magnetic  field  coils  were  utilized  to  magnetize  the  diode  region  to  0.4  - 1 
IcG.  Cavity  magnetic  field  coils  were  wouikI  on  die  beam  tid)e  and  can  be  pulsed  up  to  11 
kG.  The  diode  and  cavity  magnetic  fields  woe  driven  by  sqiarate  capacitor  banks  to 
control  the  adiabatic  oonqnesskMi  of  die  beam. 

Apeitnred  mask-anodes  have  been  developed  to  produce  a  hi^  quality  annular 
electron  beam  of  20  -  80  anqis  with  low  velodty/energy  spread.  The  low-emittance 
apextmed  made-anode  cemsists  of  80  holes  (htde  diameter  s  0.11  cm)  in  a  0.32  cm  threk 
graphite  plate,  equally  spaced  in  a  ling  (tf  ladins  2.52  cm  from  die  center  of  the  anode  plate 
(see  Figure  2(a)).  Theapetturesize,  which  is  one  third  of  the  {date  diickness,  is  diosen  so 
dut  each  hole  allows  about  1  ampere  electron  beam  current  to  pass  dnoogh  die  anode. 

One  of  the  major  advantages  of  die  qiextnred  mask-anode  is  diat  we  can  control  die 
e-beam  current  by  the  number  of  the  apotures  or  the  size  of  the  apertures  without 
changing  any  diode  oondidons.  In  the  second  set  of  faigh-Q  Bragg  resonator  experiments, 
die  growth  of  gyrotnm  radiation  was  examined  by  increasing  the  electron  beam  current 
and  bean  energy  spread  in  die  interaction  legion.  An  apettuied  mask-anode  widi  24  btdes 
(diameter  »  0.45  cm)  was  fabricated  to  inject  an  e-beam  cunent  of  150 -200  snaps  into  die 
higjb<2  Bragg  resonator.  As  shown  in  Hguie  2(b),  die  ring  radins  of  die  24  hides  is  2.52 
cm,  which  is  die  same  as  diat  of  the  80  hole  qieitnred  mask-anode,  so  that  die  beam 
velocity  ratio  remains  undianged.  Althou^  die  beam  quality  is  degraded  due  to  the  huge 
spread  of  e-beam  oiergy  and  momentum,  gyrotron  performance  is  not  as  sqisitive  to  the 
beam  tengieraniie  as  the  CARM  becaiae  the  resonance  condition  for  die  gyrocron  occurs 
near  the  cutoff  frequencies  of  IE  waveguide  modes. 


Tlie  higj)-Q  sinusoidal  Bragg  resonatra*  was  designed  and  craistnicted  to  excite  the 
high  firequency  CARM  oscillation  of  the  TE31  cylindrical  cavity  mode  at  18.9  GHz.  The 
Bragg  reflector  consists  of  a  sinusoidal  corrugation  of  period  0.95  cm  and.amplitude 
±0.16  cm  machined  in  an  aluminum  tube.  Two  IS-period  Bragg  reflectors  were 
fabricated  for  upstream  and  downstream  locations,  separated  by  a  29.4  cm  straight  copper 
section.  Bragg  resonator  parameters  are  summarized  in  Table  1.  Cold  test  measurements 
were  performed  using  an  HP-8S10  Vector  Network  Analyzer  to  characterize  the  Bragg 
resonatOT.  Hgure  3  depicts  a  configuration  of  the  Bragg  resonator  cold  test  setup.  A 
TE31  mode  convertor  was  made  of  a  cylirkbical  tube  wnq>ped  by  a  rectangular  waveguide 
with  three  equally  spaced  coupling  holes.  The  ^)acing  of  tire  dnee  coiq>ling  holes  was  set 
to  be  nXj  =  aD  where  n  is  the  arimudial  mode  number  of  die  TE31  mode  (in  diis  case,  n  = 
3),  is  the  guided  wavelength  in  the  rectangular  waveguide,  and  D  is  the  diameter  of  the 
cylindrical  tube.  By  measuring  reflectivities  of  the  upstream  and  downstream  Bragg 
reflectors,  the  diffiraction  Q  of  the  TE31  Bragg  mode  was  determined  to  be  Q^ifr  = 
k^(k|(l*RiR2))  »  16,6(X)  where  k  is  die  wave  number,  L  is  the  cavity  lengdi,  and  Rj 
and  R2  are  the  upstream  and  downstream  reflectivities  respectively.  Reflectivity 
measurements  of  a  single  Bragg  reflector  show  good  agreement  cooqiared  with  the 
prediction  from  uncoupled  single  mode  theoiy  (McGowan  et  aL  1988)  for  die  TBn, 
TMoi.  TE31  Bragg  resonant  modes  as  shown  in  Table  2.  The  Q  measurement  by 
transmitied  power  was  found  to  be  equivalent  to  measuring  Q  by  reflected  power  using  a 
TE31  mode  convertor  (Sucher  1963).  Using  two  identical  TE31  mode  convertors,  we 
measured  a  total  Q  of  47(X)  at  18.93  cm  triiere  die  total  Q  is  the  ratio  of  the  resonant 
frequency  to  die  frequency  difference  of  half  power  fireqprades,  as  a  conventional  mediod 
ci  Q  measurements  (Fliflet  et  aL  1981  and  Denisov  et  aL  1983).  The  total  Q  was 
measured  by  injecting  powa  throu^  dre  mode  convertor  in  the  side  of  die  straight  section 
cavity  and  by  sanqiling  die  output  power  fimn  die  odier  mode  convertor  in  the  other  side 
of  the  straight  section  cavity.  From  l/C^otai  ^  +  lA^mic*  ohmic  Q  of  the 


Bragg  res(Hiator  is  determined  to  be  6600.  The  ohmic  Q  was  coniinned  by  a  direct 
measurement  where  the  open  ends  of  the  upstream  and  downstream  Bragg  reflectors  were 
closed  with  coppo'  plates  in  order  to  measure  the  power  dissipation  thrpugh.  the  ohmic 
loss  only. 

Using  the  80  hole  apertuied  mask-anode,  experiments  were  performed  with  2 
different  configurations  of  Bragg  resonators  (see  Hgure  4)  for  comparison  with  smooth 
tubes: 

1)  Bragg  resonator  with  ripples  half  inward  (BRHI); 

The  1.93  cm  radius  of  die  straight  section  cavity  placed  in  between  the  two 
idratical  Bragg  reflectors  is  chosen  such  diat  all  the  ripples  are  half  inward  widi  respect  to 
the  inner  surface  of  die  straight  section  cavi^. 

2)  To  ctmipare  with  the  Bragg  resonator  BRHI  results,  we  replaced  die  whole  interaction 
region  by  a  58.5  cm  Icmg  smooth  tube  without  Bragg  resonator.  The  radius  of  the  smooth 
tube  is  1.93  cm,  which  is  die  same  as  that  of  the  straight  section  cavity  in  the  Bragg 
resonator  BRHL 

3)  Bragg  resonator  widi  ripples  fully  outward  (BRFO); 

These  experiments  utilised  the  same  two  Bragg  reflectors  as  those  of  the  Bragg 
resonamr  BRHL  However,  in  this  case,  die  radius  of  die  straight  section  cavity,  1.64  cm, 
was  smaller  than  diat  of  Bragg  resonator  BRHI,  so  that  all  the  rij^les  are  now  fully 
outward. 

4)  In  order  to  compare  with  Bragg  rescmator  BRFO  results,  die  Bragg  resonator  BRFO 
was  rqilaced  by  a  58  J  cm  long  smooth  con’cr  tube  with  radius  of  1.64  cm. 

A  2*  tapered  conical  bora  was  attached  to  the  downstream  Bragg  reflector  to 
reduce  outyut  mode  conversion.  At  the  output  window,  one  or  two  K-band  (WR-42, 
cutoff  frequency  «  14.05  GHz)  open  waveguides  were  positioned  to  scan  the  high 
frequency  (f  >  14.(KC91z}  field  pattem  of  dtberl^l^  or  lE^.  Microwave  emiasion  was 
launched  into  a  stainless  steel  tank  lined  widi  imcrowave  absorber,  in  which  S-band 


c-diS. 


(WR-284,  cutoff  frequency  -2A  GHz)  open  waveguide  and  an  X-band  standard  gain 
horn  were  noounted  on-axis  and  off-axis  ^lar  angle  » 15**)  respectively  at  the  distance  of 
72  cm  (^ch  satisfies  R  ^  TIfi-fk  where  D  is  the  diameter  of  die  ouqiut  window  and  X  is 
the  radiation  wavelength)  from  the  output  window  for  far-field  measurements  of  low 
fteqvcncy  radiation.  The  sampled  microwaves  were  guided  through  a  20  meter  long 
S-band  waveguide  or  either  of  two  15  meter  long  X-band  (WR-90,  cutoff  frequency  =  6.6 
GHz)  waveguides  to  the  Faraday  cage. 

Commercially  available  lowpass  filters  were  used  to  make  wide-range  bandpass 
filter  channels  together  widi  standard  rectangular  waveguides.  A  series  of  cylindrical 
cavity  resonators  (Qioi  1991  a)  were  used  to  diagnose  narrow  bandpass  radiation 
frequrades  especially  near  cavity  noode  cutoff  frequencies.  These  cavities  had  the  benefit 
of  adjusting  one  filter  over  a  wide  range  of  resonant  frequencies  by  die  use  of  a  tuning 
screw  mounted  oa  the  cavi^. 

The  total  radiated  pow«  from  the  cavity  was  measured  from  the  waveguide 
ditectiooal  couplers,  variable/Bxed  attenuators  and  diode  detectors.  All  the  microwave 
measuiemmt  components  were  absolutely  calibrated  in  die  frmdamental  mode  bands.  We 
have  calibrated  the  power  fraction  transmitted  from  die  radiating  ou^ut  window  to  the 
recdving  horns  in  die  mictowave  diagnostic  chamber  using  a  mictowave  sweqi  source. 
Microwave  power  attenuaticm  in  the  X-band  and  S-band  waveguide  connecting  die 
microwave  diagnostic  duDtnber  to  die  Faraday  cage  was  also  indndedL 

Mboowave  breakdown  experiments  with  fluorescent  li^t  tubes  were  performed 
frir  mode  identification.  Eight  tubes  ((&F4TS/CW)  were  vertically  positioned  at  5  cm 
away  from  die  Indte  vacuum  window.  An  open  shutter  camera  widiptdaioid  film  back 
(Polaroid,  Type  57,  ASA  3000)  was  mounted  on  the  side  port  of  die  microwave 
diagnostic  diandier  with  a  large  minor  set  at  45**  to  irftoct  die  fluorescent  tube  image  into 
die  camera.  A  Made  plastic  covo'  was  pb^ed  between  die  vacuum  window,  and  die 
fluorescent  light  tubes  in  ordra-  to  block  any  light  odier  than  the  microwave  breakdown  in 


the  fluorescent  light  tubes.  Cold  tests  were  performed  using  a  commercial  magnetron 
(EPSCO,  5  kW,  0.3  -  SO  p^sec)  to  determine  a  breakdown  threshold  in  the  fluorescent 
light  tubes.  Photographs  were  taken  with  the  same  film  and  the  same  semp  as  the 
experiments.  However,  the  photographs  revealed  no  breakdown.  This  could -be  due  to 
the  relatively  low  power  of  the  calibration  source  not  generating  as  bright  a  plasma  in  the 
tube. 


3.  Electron  beam  characterization 

For  the  measurement  of  the  beam  veloci^  ratio,  a  =  vj[^/v||,  we  fabricated  an 
8-hole  apertuxed  mask-anode  with  the  same  hole  size  and  major  radius  as  the  80  hole 
apeitured  mask-anode.  A  glass  plate  diagnostic  (Choi  et  aL  1991  b)  was  utilized  to 
detennine  die  beam  velocity  ratio  a  by  single-shot  radiation  darkening  of  the  gjass  and  by 
Cerenkov  emission  detected  with  a  gated  ttdcrochaiuiel  plate  (MCP)  image  intensifier 
camera.  Because  image  rescdutumlimitatioas  of  die  M(]Pphotocadiode,  die  radiation 
darkening  pattern  on  the  glass  was  mainly  used  in  determining  ejection  beam  velocity 
ratios  and  velodty/eneqty  spreads. 

Hgure  5  shows  data  of  the  electron  beam  characterization.  The  Cerenkov  glass 
plate  was  exposed  to  a  single  pulse  of  a  680  kV,  8  anqi  election  beam.  Notice  that  the 
beam  voltage  is  almost  flat  over  the  whole  0.6  psec  pulselengdi.  The  image  of  the 
nticrochaiinel  plate  (MCP)  inaage  intensifier  canxia  (^riiich  was  exposed  for  40  nsec) 
■Imwwd  ■Itwrirt  «ll  hMtwteni  rlMirly,  inriifliiting  m  nniftim  cnrrefit  distrihnrinn.  Electrc» 

beam  twAmaH  radiation  datkening  of  the  ^ass  wu  measured  in  die  area  subject  to  the 
etectron  beam  orbits.  Since  diis  time  int^iated  beam  pattern  is  a  direct  measure  of  the 
beam  Larmor  radius  (0  J5  cm)  for  a  fully  phase-mixed  beam,  we  determined  the  beam 
velocity  ratio,  a  «  0.56.  In  addition,  from  the  measured  thickness  (~  1  mm)  oi  die  beam 
orbits,  die  velocity/eiiergy  spreads  were  estimated  to  be  Av|/v||  ~  4  %  and  AYj/yji  ~  7  %, 


indicating  diat  a  higii  quality  e-beam  widi  low  velocity  spread  and  low  axial  energy  spread 
was  extracted  from  the  apertured  mask-aiKxie  with  0.1 1  cm  diameter  holes. 


4.  Experimental  results 

4.1.  Higfa-Q  Bragg  resonator  CRM  expoiments  with  high  qualiQ^  electton  beam 

4.1.1.  Bragg  resonator  with  ripples  half  inward  (BRHI) 

Hgure  6  shows  the  uncoupled  dispersion  relations  of  the  original  design  to  excite 
the  TE31  CARM  mode.  The  measured  beam  velocity  ratio,  a  s  OJ  ±  0.05,  was  achieved 
by  pulsing  the  diode  magnedc  field  to  ~  0.7  kG  and  the  cavity  magnetic  field  to  ~  S  kG. 
This  device  was  designed  for  the  beam  cydotrcm  mode  to  be  at  grazing  incidence  witii  tiie 
TE31  Bragg  nxxie.  The  choice  of  the  cavi^  magnetic  field  of  S  kG  was  made  in  order  to 
avoid  a  TB21  absolute  instability  witit  die  beamcunoot  of 20  -  80  amps  (the  critical  current 
for  this  absolute  instability  (Davies  etaL  1990)  was  calculated  to  be  60  an^s). 

For  die  cavity  magnetic  field  of  4.6  -  5.7  kO,  die  Bragg  resonator  BRHI  generated 
a  high  frequency  (f  >  14.05  GHz)  peak  power  of  about  1  MW;  with  the  smoodi  tube 
widxnit  the  Bragg  reflectcvs,  the  peak  power  was  reduced  to  about  0.3  MW.  Overalhthe 
Bragg  resonator  produced  more  microwave  power  by  "  6  dB  dian  the  smoodi  tube  at  die 
cavity  magnetic  fidd  4.6  to  5.7  kG.  Horn  the  frequency  measumnrat,  we  found  that 
most  of  die  high  power  microwave  emissitm  in  the  hi^  fiequency  band  (f  >  14.05  GHz) 
was  not  in  die  18.7  - 19.2  GHz  band  vdiich  includes  die  7B31  Bragg  mode,  but  originated 
fiom  die  second  or  dtird  harmonic  gyrotron  interaction  near  die  IBsi  cutoff  fiequency. 

the  ftagg  resonator  operated  at  die  cavity  magnetic  field  of  4.6  -  5.7  kG  and 
die  diode  magn^  field  0.7  kG,  we  have  observed  efiBcieat,  m^awatt  level  microwave 
emission  in  die  2.1  -  6.6  GHz  band  during  the  voltage  flat-top  (ty[ncally,  -  680  kV). 
Hgure  7  shows  a  scan  of  peak  power  in  die  2.1  -  6.6  GHz  band  (vriiich  includes  die  TEii 
gyroiron  backward  wave  oscillation,  gyro-BWO  (Park  etaL  1990))  as  a  fnnction.of  cavity 
uu^netic  fields  for  die  case  of  Bragg  resonator  BRHI  and  smoodi  mbe  widiout  Bragg 


reflectors.  Clearly,  the  Bragg  resonator  BRHI  produces  more  peak  power  in  the  2.1  -  6.6 
GHz  band  by  >  10  dB  than  the  smooth  tube  without  Bragg  reflectors.  Apparently,  the 
Bragg  resonator  BRHI  gives  some  external  feedback  into  the  gyto-BWO  interaction  due  to 
the  impedance  mismatch  from  the  ripples  half-inward  even  in  the  region  of  non-Bragg 
resonance  conditions.  It  is  interesting  to  notice  that  the  microwave  signal  in  the  2.1  -  6.6 
GHz  band  which  includes  the  TEn  gyro-BWO  completely  disappeared  at  the  cavity 
magnetic  field  above  6.2  kG.  To  see  the  dependence  of  microwave  emission  on  the  beam 
velocity  ratio,  a,  we  changed  the  diode  magnetic  field  ranging  from  0.4  kG  to  0.8  kG 
while  the  cavity  magnetic  field  was  kept  at  6.35  -  6.53  kG.  No  high  power  emissitHi  was 
detected  in  the  2.1  -  6.6  GHz  band  during  the  voltage  flat-top. 

In  the  sec(»d  experiment  operating  with  the  cavity  magnetic  field  of  ~  6.4  kG  in 
order  to  avoid  the  noode  competitian  with  the  TEn  gyto-BWO,  the  beam  velocity  ratio,  oc, 

should  be  adjusted  because  we  want  to  keep  dte  beam-wave  phase  synchrmism  at  die 
Bragg  restmance  condition,  k|| » »  3,3  cixr^  where  is  the  conugatioo  period  of  the 

Bragg  reflector.  The  required  a  »  0.69  -  0.79  is  achieved  by  lowering  die  diode 
magnetic  field  to  0.4  IcG  and  increasiiig  die  magnetic  compression  ratio  to  16.  Inthishigh 
cavity  magnetic  field,  however,  harmonic  gyrotron  interactions  near  cutoff  frequencies 
mnainasasouroeof  modeoooqietitianwididie'lEsi  Bragg  mode  in  our  Bragg  resonator 
BRHI. 

Wavefonns  of  the  voltage  and  microwave  emission  are  presented  in  Hgnre  8  for 
the  case  of  the  Bragg  resonator  (BRHI)  and  die  smooch  tube  widiont  Bragg  reflectors. 
Forthecaaeof  the  Bragg  resonator  with  ripples  half-inward,  the  peak  power  in  the  18.7  - 
19.2  GHz  band  is  only  a  small  fraction  (- 15  dB)  cf  the  power  in  die  frequency  band 

(f  >  14.05  GHz)  where  die  cavity  magnetic  field  and  diode  magnetic  field  are  6.4  kG  and 
0.4  kG  respectively.  This  indicates  that  most  of  the  power  in  the  high  frequency  band  (f> 
14.05  GHz)  is  in  modes  other  than  the  TE31  CARM  mode.  Frequracy  measurement, 
using  a  series  of  cavi^  restmator  bandpass  filters,  identifies  the  highest  power  in  the  f  > 


14.05  GHz  band  to  be  from  the  second  harmonic  gyrotion  interaction  near  a  TEsi 
waveguide  cutoff. 

For  the  case  of  the  smooth  tube  without  Bragg  reflectors,  all  of  the  power  (~  0.3 
MW)  in  the  high  frequency  band  (f  >  14.05  GHz)  appears  in  the  18.7  -  19.2  GHz  band: 
these  data  are  directly  coiiq)ated  with  the  Bragg  lesonator  case  in  Hgure  8.  Toidentifythe 
radiation  nKxle  we  repeated  the  expetirrrent  to  measure  the  near-field  radiation  pattern  of 
on-axis  and  off-axis  (Eft^  on  the  ouq)ut  window.  Radial  position  of  the  off-axis  K-band 

open  waveguide  was  positioned  at  r = 0.78  r,  where  r^  is  tiie  radius  of  the  output  window, 

4.85cm.  Experimental  evidence  of  the  secomi  harmonic  1^61  gyrotron  mode  is  provided 
by  higher  off-axis  powar  of  the  OErl^-component  by  23  dB  tium  on-axis  power.  High 

power  mictowave  radiation  from  harmonic  gyrotron  oscillations  near  cutoff  frequencies  of 
the  higher  mder  modes  is  explained  by  theoretical  predictions:  (1)  die  gyrotron  starting 
currmt  is  low  due  to  the  high  diffraction  Q  at  die  frequency  near  the  TE6i  cutoff,  and  (2) 
dre  gyrotron  interaction  is  relatively  insMsitive  to  tibe  beam  temperature.  Second  harmonic 
emissitMi  (TE21)  may  also  explain  the  high  power,  hi^  frequency  radiation  previously 
attributed  to  the  CARM  in  the  paper  Wang  et  aL  (1989). 

4.1.2.  Bragg  resonator  with  ripples  fidfy  outward  (BRFO) 

Hgure  9  shows  the  coupling  strength  (Palmer  1987)  of  TE  waveguide  modes  in  a 
comigatian  surface  versus  the  resonant  frequencies  of  Bragg  modes.  A  mode,  such  as  the 
TEoi,  wlddi  has  a  zero  aziniuthal  mode  number  and  a  maximum  electric  field  far  away 
firom  the  corrugated  surface,  cannot  couple  strongly  widi  die  Bragg  reflector.  The  low 
coupling  strengdi  d  the  TEoi  mode  is  associated  with  low  Q,  resulting  in  hi^  starting 
enremt  Therefore,  the  TEqi  mode  is  not  eiqiected  to  be  a  competing  mode  in  our  TE31 
CARM  toleration,  althou^  the  Bragg  resonant  frequency  of  die  TEoi  Doodc  is  very  close 
to  diat  of  die  TE31.  On  the  odier  hand,  the  7E41  Bragg  mode  appetas  to  be  a  ctmoieting 
mode  because  of  even  higher  coupling  strength  widi  corrugations  than  the  TE31  design 
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nxxie.  However,  noticing  that  there  is  a  relatively  large  fitequency  separation  of  about  1.7 
GHz  between  the  TE31  and  TE41  modes,  we  can  avoid  mode  overlapping  by  finely 
adjusting  die  beam  cyclotron  line  with  a  low  axial  velocity  spread. 

Ccnnpaied  with  the  case  of  Bragg  resonator  BRHI,  the  beam-wave  coupling 
strength  (Gold  et  al.  1985)  in  the  strai^t  section  cavity  of  the  TE31  mode  for  BRFO  is 
expected  to  be  high  because  the  reduction  of  the  straight  section  cavity  radius  nsakes  the 
measured  beam  guiding  center,  rQ  ~  0.9  cm,  relatively  close  to  the  peak  of  the  TE31 

electric  field  strength.  The  cocqiling  strength  with  die  beam  position  in  the  straight  section 
cavity  is  dqncted  in  Figure  10.  Notice  diat  the  TE21  mode  has  hi^  coupling  with  the 
e-beam  and  is  expected  to  exhibit  strong  mode  competitioiL 

Figure  11  presents  waveforms  for  the  Bragg  resonator  case  (ripples 
fully-outwaxd).  As  shown  in  Figure  1 1,  most  of  the  power  in  the  high  fiequency  band  (f 
>  14.05  GHz)  appears  to  be  in  the  18.7  - 19.2  GHz  band  (wfaidi  includes  die  TB31  Bragg 
resonant  fitequmcy)  or  19.2  •  19.7  GHz  band.  However,  the  18.7- 192  CSlz  and  19.2  - 
19.7  GHz  band^Mss  filtered  channels  also  indode  other  Ugh  harmonic  interactions  such  as 
the  second  harmonic  TEsi  gyiotrcm  interaction  and  the  third  harmonic  TE51  absolute 
instability  interactioiL  We  cannot  rule  out  the  possibility  of  such  harmonic  CRM 
interactions,  particularly  ^^len  an  instabili^  is  absolutely  unstable.  The  starting  currents 
(Bratman  et  aL  1981  and  FUflet  1986)  of  the  TE31 CARM  and  die  TE51  (s  =  2)  gyrotron 
mode  are  2  anqis  and  6  anqis,  wUch  are  below  the  injected  beam  current  The  tenqioral 
growdi  rates  ^3des  et  aL  1990)  of  TE31  (s  » 1)  CARM,  TE51  (s  «  2),  TE51  (s  s  3)  are 
calculated  to  be  0.26  x  10^  sec^  0.25  x  10^  sec*l,  and  0.3  x  10^  sec-l  respectively.  The 
growth  rate  of  die  ddrd  harmonic  TE51  gyro-BWO  is  the  Ughest  amrmg  the  duee  CRM 
interactions.  Theory  (Davies  etaL  1990)  predicts  that  die  second  harmonic  TE51  gyrotron 
interaction  is  not  an  absolute  instability  for  our  beam  parameters.  Based  on  the  dieoretical 
investigation  of  growdi  rates  and  starting  currents,  it  is  concluded  that  the  microwave 
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emission  in  the  18.7  -  19.2  GHz  or  19.2  •  19.7  GHz  band  from  the  Bragg  resonator 
BRFO  is  from  the  diird  harmonic  TEsi  absolute  instability  rather  dian  die  CARM. 

In  order  to  compare  with  the  Bragg  resonator  BRFO,  we  placed  a  58.5  cm  long 
smooth  tube  without  Bragg  resonator  in  our  interaction  dicuit  The  overall  power  (~  0.2 
MW)  for  the  case  of  the  Bragg  resonator  BRFO  is  usually  higher  than  that  for  the  snooodi 
tube  case  without  Bragg  reflectors.  The  diffnence  between  the  Bragg  resonattn-  BRFO 
and  the  smooth  tube  without  Bragg  reflectors  lies  in  die  observed  fiequency;  for  the  case 
of  the  smooth  tube,  the  high  frequency  band  (f  >  14.05  GHz)  microwave  emission  is 
mostly  in  the  15.5  *  16  GHz  frequency  band  rather  dian  in  die  18.7  -  19.2  GHz  baial  or 
19.2  -  19.7  GHz  band.  The  frequency  band  of  15.5  -  16  GHz  includes  the  second 
hannonic  7E41  absolute  instabili^. 

In  the  Ka-band  (WR-28,  cutoff  frequency  »  21.1  GHz)  highpass  waveguide 
chamiel,  no  microwave  emission  was  detected  for  die  cases  of  both  die  Bragg  resonator 
BRFO  and  the  smaU  diameter  smoodi  tube  widiont  Bragg  reflectors,  suggesting  diat  diere 
is  no  major  instability  in  high  Older  lEmo  (0^4)  Bragg  modes  widi  high  hannooics.  Bi 
addition,  the  experimental  results  confirm  diat  time  is  no  significant  grow  r  of  CRM 
instabilities  in  high  (s  2  4)  harmonic  gyrotroo  intenctitms. 

Hgure  12  shows  a  scan  of  peak  microwave  power  in  the  2.1  -  6.6  GHz  band 
versus  cavity  magnetic  field  for  die  case  of  the  Bragg  resonator  BRFO  and  die  smoodi 
tube  without  Bragg  reflectns.  For  die  cavity  magnetic  fidd  ranging  from  6.1  kG  to  6.35 
kG,  die  «n«ii  diameter  (r^  s  1.64  on)  smoodi  tube  widiont  Bragg  reflectors  produced 

microwave  in  the  2.1  -  6.6  GHz  band  widi  peak  power  of  "  1  MW,  which  is 

believed  to  originate  fitmi  the  TBn  gyro-BWO  interaction.  For  die  Bragg  resonator 
BRFO,  however,  we  did  not  observe  high  power  microwave  emission  in  the  2.1  -  6.6 
GHz  band.  This  could  be  explained  by  the  fact  diat  the  Bragg  resonator  oonfiguratitn 
with  ripples  fully-outward  provides  no  low  fiequency  feedback  into  die  interaction  region. 
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in  contrast  to  the  Bragg  resonator  with  tipples  half-inward.  Thus,  the  TEn  gyro-BWO  is 
not  a  major  competing  mode  in  the  Bragg  resonator  BRFO  expoiments. 

We  have  detected  microwave  emission  in  the  6.6  - 10  GHz  frequency  band  at  the 
cavity  magnetic  field  of  B  ^  S.92  kG,  vdiich  includes  the  fundamental  TE21  downshifted 
interaction.  Theory  (Davies  etaL  1990)  predicts  diat  die  critical  cuirent  of  the  onset  of  the 
TE21  absolute  instabili^  is  3  anqis  at  8.9  GHz  where  V  =  560  kV,  a  »  0.63,  B  =  6.15  kG 
are  assumed,  suggesting  that  the ‘IE21  downshifted  interaction  is  die  absolute  instabiliQr  in 
this  case.  In  addition,  diis  mode  has  die  lowest  gyiotion  starting  current  (Bratman  et  aL 
1981  and  Fliflet  1986)  of  1  anqi  among  all  CRM  interactitns  between  TE  waveguide 
modes  and  harmonic  (s  «  1,  2,  3)  beam  modes.  A  hollow  breakdown  pattern  in  the 
fluorescent  light  tubes  is  shown  in  Hgure  13.  The  breakdown  pattern  is  clearly  hollow 
(the  breakdown  ring  radius  is  about  half  of  the  output  horn  radius),  and  thus  it  is 
omcluded  that  die  ouqiut  mode  is  definitdy  not  a  TEn  gyro-BWO,  but  a  TE21  absolute 
instability.  In  addition,  in  the  frequency  measurement,  we  have  observed  microwaves  in 
the  6.6  - 10  GHz  baiKh>ass  filter  vdiich  includes  the  TE21  absdliite  instability.  We  ruled 
out  the  TE31 CARM  and  hi^  hanDonic  gyxotron  modes  such  as  a  second  harmonic  TEsi 
CT  third  harmonic  TEsi  in  inteipieting  the  breakdown  pattern  because  the  maximum 
electric  field  was  not  observed  near  tbe  edge  of  tiw  ontyut  window. 

Microwave  enrisskm  data  versus  cavity  magnetic  fields  are  shown  in  Hgnre  14. 
Note  tiiat  dieie  is  a  sharp  microwave  cutoff  at  B  -  5.8  -  S.9  kG  at  which  exists  die  onset 
for  absolote  instability.  Calculated  critical  currents  of  absolute  instability  (Davies  et  aL 
1990)  versus  cavity  magnetic  field  for  a  *>  0.5, 0.6,  and  0.7  ate  shown  in  Hgure  15. 
Wttii  die  e-beam  current  of  20  -  30  anqis,  the  eiqierimeatal  regime  of  die  absolute 
instability  agrees  fairly  wen  widi  the  prediction.  It  should  be  noticed  that,  by  lowering  the 
cavity  magnetic  field  below  5.8  kG,  we  could  successfully  suppress  the  TE21  absolute 
instability,  which  is  bdieved  to  be  die  strongest  conqieting  mode  in  the  presrat  Bragg 
resoiuuar  BRFO  experiment 
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4.2.  High-Q  Bragg  resonator  (BRHI)  CRM  experiments  with  a  high  current  electron 
beam 

In  order  to  test  the  effect  of  Bragg  resonators  on  high  frequency  gyiotron  modes  at 
high  power  levels,  a  series  of  experiments  woe  performed  with  a  high  current  electron 
beam  with  lar^  energy  spread  extracted  by  a  24-hole  ^)ertured  mask  anode.  For  the  case 
of  this  24  hole  iqxatuted  mask-anode,  the  peak  power  in  the  high  frequency  band  (f  > 
14.05  GHz)  is  increased  by  more  than  6  dB,  cmnpared  with  the  power  measured  from  the 
80  hole  iqiertuted  mask-anode.  This  powm:  increase  is  attributed  to  the  6  -  7  times  higher 
beam  current  (150  -  200  amps)  than  die  beam  current  of  about  30  arrqis  produced  from  die 
80  hole  iqiertated  mask-anode.  Small  signal  theory  (Fliflet  1986)  predicts  that  die  spatial 
growth  rate,  km,  is  proportional  to  the  otte-third  power  of  beam urrent,  Since,  in  die 
linear  growth  regime,  the  wave  power  grows  as  P  »  Pjn  mq)(2k||^)  where  P^  is  the  initial 
power  boUt  in  die  cavity  from  RF  noise  and  L  is  die  cavity  interaction  lengdi,  die  power 
increase  due  to  die  increased  beam  current  is  eiqiected  to  be  HdB)  s  10  log  (P2/P1)  = 
10  log  (exp(2(k|]2-kmi)L)}  vdiere  the  subscripts  1  and  2  are  for  the  cases  of  the  beam 
current  of  30  arrqis  and  the  increased  beam  currrat  of  150  -  200  amps  respectively,  and  we 
assume  that  the  initial  RF  power  frir  the  case  of  the  30  amp  beam  is  equal  to  that  frir  the 
case  of  the  150  -  200  anqi  beam,  l^th  the  beam  and  cavity  parameters  (y= 2.37,  a =0.5, 
B  *  6  kO,  L  =  29.6  cm)  the  power  increase  was  calculated  to  be  7.7  dB.  This  power 
scaling  agrees  with  the  eiqMtiinental  observation  within  the  3  dB  uncertainty  of  power 
mBasatements.  From  frequency  measuranent  in  the  15.5  -  16  GHz  ban^iass  filter  at 
about  5  kO,  most  of  dte  power  in  die  hi^  frequency  band  (f  >  14.05  GHz)  is  bdieved  to 
originate  from  die  second  hartnonic  TE51  gyrotron  mode.  This  observatkMi  is  consistent 
widi  the  earlier  mqierimnits  with  the  80  hole  iqieztoied  mask-anode. 

In  the  6.6  -  10  GHz  band  (total  attenuation  is  74  dB),  we  have  observed  high 
power  (1-5  MW)  microwave  emission,  which  originated  from  the  TE21  absolute 
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instability.  Figure  16(a)  shows  a  scan  of  peak  power  in  the  6.6  -  10  GHz  band  versus 
caviQr  magnetic  field  for  diode  magnetic  field  of  0.7  kG. 

We  have  also  observed  microwave  emissimi  in  the  2.1  -  6.6  GHz  band  which 
includes  the  TEn  gyro-BWO  interactioa.  Hgure  16(b)  shows  a  scan  of  peak  power  in  die 
2.1  -  6.6  GHz  band  as  a  function  of  cavi^  magnetic  field.  The  radiation  power  in  this 
band  did  not  increase  significantly,  ctmqiared  with  the  power  obtained  from  the  80  hole 
qiertured  mask-anode.  It  is  very  interesting  to  notice,  as  shown  in  Hgure  16(a)  and 
16(b),  that  when  there  was  microwave  emission  in  the  2.1  -  6.6  GHz  band,  the 
miciowave  emission  in  the  6.6  - 10  GHz  was  suppressed,  showing  mode  competition 
between  the  IE21  absolute  instability  and  the  TEn  gyro-BWO  interactum  at  the  cavity 
magnetic  field  of  ~  S.IS  kG. 

A  fluorescent  light  bulb  diagixistic  was  employed  in  order  to  identify  die  ouqmt 
mode.  Hgure  17  shows  open  shiioer  camera  photos  of  die  gas  breakdown  pattern  in  the 
fluorescent  light  tubes  as  a  function  of  cavity  magnetic  fidd.  Hollow  patterns  have  been 
observed  for  the  cavity  magnetic  field  greaier  than  6.9  kO.  The  ring  radins  was  about  half 
of  the  output  hom  radius  and  thus  die  radiation  was  confirmed  to  be  die  ^21  mode,  as 
aqiected  from  die  theoretical  prediction  die  IE21  absolute  instability  and  the  frequency 
measurements. 

Hgure  1 8  shows  an  aqilidt  illustration  of  the  regimes  in  viiich  the  TE21  absolute 
instability  overwhelms  the  TEn  gyro-BWO.  The  gas  breakdown  pattern  changed  to  a 
sdid  pattern  when  we  lowered  the  cavity  magnetic  field  to  5.2  kG.  As  shown  in  Hgure 
17(d),  the  breakdown  pattern  ai^iean  to  be  a  mixed  pattern  of  die  hollow  and  solid 
patterns,  indicating  diat  both  IE21  ahsolote  instability  and  TEi  1  gyro-BWO  were  exdted. 
Further  decrease  (rf  die  cavity  magnetic  field  produced  a  sin^  solid  pattern  (see  Hgure 
17(e)).  At  die  same  time,  the  frequency  was  measured  in  die  4.3  -  6.6  GHz  band.  This 
ocMifiims  that  the  radiation  is  the  TEn  mode,  tniginating  firom  the  TEn  gy^BWO 
interacti(».  The  identification  of  die  TEn  radiation  mode  is  consistent  widi  the  earlier 


experiments  with  the  80  hole  q)eituied  mask-anode  where  we  observed  high  power 
miciowave  emission  in  the  2.1  -  6.6  GHz  band. 

5.  Summary  and  conclusions 

Experiments  have  been  performed  to  characterize  the  cyclotron  maso’  interactions 
of  a  Icmg-pulse  electrmi  beam  interactitm  in  a  Bragg  resonator  designed  for  excitation  of 
die  TE31 CARM  modes.  Experiments  were  performed  for  four  cases: 

1)  Bragg  resonator  with  ripples  half-inward  and  a  large  diameter  smoodi  center  section, 
(BRHI). 

2)  Smoodi  tubeof  large  diameter  widiout  the  Bragg  reflectors, 

3)  Bragg  resonator  with  ripples  fiilly-outward  with  small  diameter  smoodi  center  sectitm, 
(BRFO),  and 

4)  Smooth  tube  of  small  diameter  widuxu  Bragg  reflectors. 

Two  major  parasitic  oscUlarions  have  been  observed  in  conducting  die  Bragg 
resonator  with  triples  half-inward  (BRHQ  CRM  experiments  widi  die  quality  e-beam 

of  20  -  80  amps:  the  first  harmonic  TEn  gyto-BWO  and  second  harmonic  gyrotrem 
interactioos  near  cutt^  higher  order  IE  modes.  We  successfully  suppressed  die  TEn 
gyto-BWO  by  increasing  the  cavity  magnetic  field  to  6.4  kO.  However,  high  harmonic 
gyrotron  interactions  remain  a  serious  parasitic  oscillation  and  dominate  over  die  TE31 
Bragg  CARM  mode.  It  is  believed  diat  the  inward  protmsiooofdie  tipples  acts  as  an  iris 
inside  die  straight  section  cavity  and  dius  the  diffiacdon  Q  becomes  higher  for  those 
undesiied  modes,  resulting  in  low  starting  conent 

The  Bragg  resonator  widi  riiqples  folly-outward  (BRFO)  produced  microwave 
emission  of  which  most  of  die  power  in  the  high  frequency  band  (f  >  14.05  GHz)  was 
measured  in  die  18.7  •  19.7  GHz  band  (including  the  third  hamxxiic  TE51  gyro-BWO 
frequency).  For  the  case  of  die  aiudldiametBr  smoodi  tube  widiont  Bragg  resonator,  die 
power  in  the  high  frequency  band  (f  >  14.(^  GHz)  was  not  significandy  hi^ier  than  for 
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the  case  of  the  Bragg  resonator  BRFO,  but  the  measured  frequency  was  observed  mostly 
in  the  15.5  -  16  GHz  band  (which  includes  the  second  harmonic  TE41  gyrotron 
interaction).  Considerably  less  power  from  the  IBn  gyio-BWO  was  observed  for  the 
Bragg  resonattMTBRFOdum  for  the  small  diameter  smooth  tube  case.  The  gas  bnsakdown 
patterns  obtained  by  the  use  of  fluorescent  li^t  tubes  showed  <xily  the  hollow  pattern  with 
the  radius  half  of  the  output  hran  radius,  suggesting  that  the  TE21  (s  ~  1)  mode  is 
dominant  The  microwave  emission  fmn  the  TE21  absolute  instability  in  the  Bragg 
restmator  BRFO  was  successfully  suppressed  by  lowering  the  cavity  magnetic  field 
whereas  die  third  Hamvinic  IE51  gyro-BWO  interactirai  remained  a  competing  mode. 
Two  undesired  oscillations,  (TE21  (s  -  1)  absolute  instability,  and  TEsi  (s  =  3) 
gyro-BWO),  woe  the  most  serious  cranpedng  modes  in  the  present  Bragg  resonator 
BRFO  eiqieriments,  iqiparendy  sujpessing  the  TE31 CARM  oscillation. 

In  the  Bragg  resonator  (ripples  half-inward),  gyrotron  experiments  with  a  high 
cuixent  electron  beam  of  150  •  200  amps,  we  have  observed  mode  conqietition  between 
the  TE21  (s  *  1)  absolute  instabfli^  and  the  lEn  (s  » 1)  gyro-BWO  interacdon  by  die  use 
of  frequency  measurements  and  gas  breakdown  diagnostics,  deaiiy,  the  TE21  absolute 
instaUlity  is  the  dominant  mode  at  high  cavity  magnetic  fields  (B  ^  6.9  kG)  and  the  TEi  1 
gyro-BWO  becomes  dontinant  at  low  magnetic  fields  (B  ^  5.2  kG).  R  was  also  shown 
that  a  mode  transition  oocuired  from  a  hollow  pattern  (IB21)  to  a  solid  pattem  (TEi  1)  by 
lowering  the  caviQrmagnetic  field. 

The  present  worit  provides  inpoctant  experimental  evidence  <m  the  TEii  and  TE21 
abatdme  instabilities  in  operating  a  high  order  CARM  mode  in  a  hi^-Q  Bragg  resonator. 
No  matter  how  hi^  die  external  feedback  provided  by  the  Bragg  reflector,  die  backward 
wave  growth  rate  is  suffidrat  to  suppress  all  other  inodes.  Anodier  inqiortant  finding  is 
that  harmonic  gyrotron  and  gyro-BWO  intnactions  axe  strongly  excited  in  Bragg 
resonators  and  diese  may  silliness  die  desired  CARM  oscillations  (Barnett  et  aL  1989). 
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Table  1.  Summaiy  of  CRM  and  Bragg  lescmator  parameters 


-  upstream  Bragg  resonator 

one  period  =  0.95  cm 

corrugation  at]:q)litude = ±  0.16  cm 

number  of  periods  =  15 

average  radius  =  1.93  cm 

reflectivity  »  0.99  for  lEsi  rrxxle  at  18.9  GHz 

-  downstream  Bragg  resonator  same  as  the  iqrstream 

-  strai^  section  cavity: 

length  s  29.4  cm 

radius  «  1.93  cm  or  1.64  cm 

-  design  mode  sTEsi  CARM 

.  MELBA  beam  voltage  -  0.7  MV 

-  beam  current «  20  •  80  arqrs 

-  cavity  magnetic  fidd  s  4  -  7  kG 

-  measured  beam  velocity  ratio  >>0.4  -  0.74  (adjustable) 

-  total  Q  of  lEsi  a  4d(X)  (measured) 

-  CARM  starting  carrrat  of  TE31  mode  »  ~  2  anq»  at  ~  5  kG. 


Table  2.  Cold  test  results  vs.  calculations  (calculated  values  firom  uncoupled  single  mode 
theory  are  shown  in  parendieses) 


mode 

Bragg  resonant  frequency  (GHz) 

r^lectivi^  of  a  single 
Bragg  reflector(%) 

1^11 

16.44  (16.42) 

92±5  (83) 

TMbi 

16.88  (16.8S) 

95±5  (99) 

1^21 

(17.5) 

(98) 

TEoi 

(18.42) 

(40) 

TMn 

(18.42) 

(99) 

TE31 

18.93  (18.98) 

95±5(99) 

'IM21 

(20.28) 

(99) 

'IE41 

(20.56) 

(99) 

TMsi 

(22.33) 

(99) 

TM41 

(24.55) 

(99) 
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Figure  captions 


Figure  1.  E]q)erimental  axifigurad<n  of  Bragg  resonator  CRM  experiments. 

Hgure  2.  Apertured  mask-anode  (a)  80  hole  iq)atuied  mask-anode  used  for  the  high-Q 
Bragg  restmaior  CRM  experiments  with  hig^  quality  electron  beam«  (b)  24  hole  apertured 
mask-anode  used  for  the  high-Q  Bragg  lesonattv  gyrotron  experiments  with  high  current 
electrm  beam. 

Hgure  3.  Configuration  of  measuring  (a)  reflectivity  and  fiequency  of  a  Bragg  reflector, 
and  (b)  Bragg  lesonatm  Q  and  fiequency. 

Hgure  4.  Two  configurations  of  Bragg  resonator. 

Hgure  S.  Data  of  electron  beam  characterization: 

(a)  MCP  photogrqih  of  Cerenkov  emi88i<»  (antrast  enhanced  photographically),  (b) 
radiation  darkening  on  glass  plate  (a  ~  0.S6),  (c)  MELBA  e-beam  voltage  (310  kV/div), 

(d)  gate  pulse  of  MCP  camera,  (e)  cathode  stalk  currait  (4.5  kA/div),  (f)  apertured  beam 
current  (40  anqu/div),  and  (g)  anode  current  (3J  kA/div).  The  magnetic  fields  are  Bj  = 
0.5  IcG  and  B2  «  5  IcG.  Oscilloscope  sweep  time  is  2(X)  ns/div. 

Hgure  6.  Uncotq}led  disperskm  relations  rrflE  modes  and  harmonic  beam  modes  where 
cavity  radius  >  1.93  cm,  cavity  magnetic  field  »  5  kO,  a  «  0.5,  and  beam  voltage  =  680 
kV. 

Hgure  7.  A  scan  of  peak  microwave  power  measured  in  the  2.1  -  6.6  GHz  bai^  versus 
cavity  magnetic  fields  wboe  the  diode  magnetic  field  was  0.7  kO. 
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Figure  8.  Typical  wavefonns :  (a)  Bragg  resonator  with  ripples  half-inward  (top:  voltage 
(310  kV/div),  niiddle:  bandpass  filtered  microwaves  (18.9  <  f  <  19.2  GHz),  bottom:  high 
frequency  (f  >  14.05  GHz)  microwaves,  (b)  smooth  tube  without  Bragg  reflectors  (the 
signal  channels  are  the  same  as  (a)).  The  diode  magnetic  field  is  0.4  kG  and  the  cavity 
magnetic  field  is  6.4  kG  for  both  cases.  Sweep  tin^  on  the  oscilloscope  is  200  ns/div. 

Figure  9.  Coupling  strength  of  TE  waveguide  modes  in  a  corrugation  surface  versus  the 
resonant  fiequencies  of  Bragg  modes. 

Hgure  10.  Beam-wave  coupling  strength  in  a  straight  section  cavity  where  the  CRM 
instability  occurs. 

Hgure  1 1.  Typical  waveforms  for  die  case  of  Bragg  resonator  with  ripples  fully-outward 
(top:  voltage  (310  kV/div),  middle:  bandpass  filtered  miciowaves  (19.2  <  f  <  19.7  GHz), 
bottom:  high  frequracy  (f  >  14.05  GHz)  microwaves).  Sweq>  time  (m  die  oscilloscope  is 
2(X)  ns/div. 

Hgure  12.  A  scan  of  microwave  peak  power  in  the  2.1  -  6.6  GHz  band  versos  cavity 
magnetic  field  for  die  Bragg  resonator  with  ripples  fully-outward  (BRFO)  and  the  smooth 
tube.  The  diode  magnetic  field  is  kept  at  0.4  kG. 

Hgure  13.  Experimental  data  (M2431)  on  fluorescent  light  tube  diagnostic:  (a)  light 
emission  from  fluorescent  light  tubes  (open  shutter  camera  photo),  (b)  model  of 
microwave  breakdown  on  fluorescent  light  tubes.  Diode  magnetic  field  is  0.4  kG  and 
cavity  magnetic  field  is  6.25  kG.  Note  that  the  photo  shown  here  was  reproduced  with  a 
higher  contrast  in  order  for  the  breakdown  pattern  to  be  easily  visible. 
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Hgure  14.  Experimental  data  on  TE21  absolute  instability.  Microwave  breakdown  in 
fluorescent  light  tubes  was  observed  at  B  ^  S.92  kG. 

Hgure  IS.  Predicted  e-beam  current  for  TE21  absolute  instability  versus  cavity  magnetic 
field  for  a  =  0.5,  0.6  and  0.7.  High  power  microwave  emission  and  microwave 
break-down  were  observed  from  beam  current  of  20  ~  30  anq>s  at  B  ^  5.92  kG. 

Hgure  16.  (a)  Peak  power  in  the  6.6  -  14.1  GHz  band  versus  cavity  magnetic  field  for 
the  diode  magnetic  fields  of  0.7  kG,  (b)  peak  power  in  die  2.1  -  6.6  GHz  band  versus 
cavity  magnetic  field  (diode  magnetic  field  =  0.7  kG). 

Hgure  17.  Open  shutter  camera  photos  of  gas  breakdown  pattern  obtained  from 
fluorescent  li^t  mbes  as  a  functitn  of  cavity  magnetic  field  (f-stop  « 1 1).  Diode  magnetic 
field  is  kept  at  0.7  kG.  Note  that  photo  (a),  (b),  and  (c)  show  hollow  pattnns  witii  the 
ring  radius  of  half  of  the  ou^ut  htmi  radius,  indicating  a  TE21  mode,  whereas  photo  (d) 
shows  a  mixed  pattern  of  TE21  and  TEn  mode,  and  (e)  shows  solid  patterns  on  the 
center,  indicating  a  TEii  mode.  The  breakdown  pattern  disappeared  at  B  ^  2.7  kG  (photo 
(0). 

Hgure  18.  Uncoupled  disposion  relations  of  TEn  and  TE21  modes  with  the  fundamental 
beam  mode  of  six  dififermt  cavity  magnetic  fields,  showing  good  agreement  with  the 
observed  breakdown  patterns  in  Hgure  17.  The  diamond  black  dots  denote  tiie  CRM 
interaction  points. 
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Figure  1.  Experimental  configuradoo  of  Bragg  resonator  C3^  experiments. 


Figure  2.  ^;ieitared  mask-anode  (a)  80  bole  apertured  mask-anode  used  for  the  high-Q 
Brau  beaonaior  CRM  experimMits  widi  high  quality  electron  beam,  (b)  24  hole  qjcituted 
mask-anode  used  for  the  high-Q  Bragg  resonator  gyrotron  experiments  with  high  cuirent 
electron  beam. 
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Hgure  3.  Coafiguntioa  of  measuzing  (a)  reflectivity  and  frequency  of  a  Bngg  reflecttv, 
and  (b)  Bragg  resonator  Q  and  frequency. 
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Figured  Two  configurations  of  Bragg  resonator. 


Figures.  Dare  of  electron  beam  charactnizatioa: 

(a)  MCP  photognq>h  of  Cerenkov  emission  (contrast  enhanced  photographically),  (b) 
radiation  darkening  on  glass  plate  (a  ~  O.Sd),  (c)  MELBA  e-beam  voltage  (310  kV/div), 
(d)  gate  pulse  of  MCP  camera,  (e)  cathode  stalk  current  (4.5  kA/div),  (0  apertured  beam 
current  (40  amps/div).  and  (g)  anode  current  (3.5  kA/div).  The  magnetic  fields  are  Bj  = 
0  J  kG  and  B2  «  5  kG.  Oscilloscc^  sweep  time  is  2(X)  ns/div. 
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Hgure  6.  Uncoupled dispersioa  relations  crfTE  modes  and  harmonic  beam  modes  where 
cavity  radius  >  1.93  cm,  cavity  magnetic  field  «  S  kG,  a  «  0.S,  and  beam  voltage  »  680 
kV. 
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Figure  7.  A  scan  of  peak  microwave  power  measured  in  die  2.1  -  6.6  GHz  band  versus 
cavity  magnetic  fields  where  die  diode  magnetic  field  was  0.7  kG. 


Figure  8.  Typical  wavefonns :  (a)  Bragg  resonator  with  ripples  half>inwaid  (tc^:  voltage 
(310  kV/div),  middle:  baw^ass  fUtered  microwaves  (18.9  <  f  <  19.2  GHz),  bcmom:  hi^ 
firequeiKy  (f  >  14.05  GHz)  mkiowaves,  (b)  smooth  tube  without  Brao  reflectors  (the 
sig^  channels  are  the  same  as  (a)).  The  diode  magnetic  fleld  is  0.4 1^  and  the  cavity 
magnetic  field  is  6.4  kG  for  both  cases.  Sweep  time  on  the  oscilloscope  is  200  ns^v. 
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Figure  9.  Coupling  stragth  of  TE  waveguide  nxxies  in  a  conugation  surface  versus  the 
resonant  frequencies  of  Bragg  modes. 
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Figure  10.  Beam-wave  coupling  strengdi  in  a  straight  section  cavity  where  the  CRM 
instability  occun. 


Hguie  1 1.  Typical  wavefonns  for  the  case  of  Bragg  resonator  with  ripples  fully-outwanl 
(*0P’  volt^  (310  kV/div),  middle:  bamlpass  filtered  microwaves  (19.2  <  f  <  19.7  GHr), 
bottom:  high  frequency  (f  >  14.05  GHz)  microwaves).  Swera  tune  on  the  oscilloscope  is 
200  ns/div. 


Figure  12.  A  scan  of  microwave  peak  power  in  the  2.1  -  6.6  GHz  band  versus  cavity 
magnetic  field  for  die  Biau  resonator  with  ru^es  fuUy-outwaid  (BRFO)  and  the  smooth 
tube.  The  dkide  magnetic  field  is  kqH  at  0.4  kO. 
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Figure  13.  Experimental  data  (M2431)  on  fluorescent  light  tube  diagnostic:  (a)  light 
emission  from  fluorescent  light  tubes  (open  shutter  camera  photo),  (b)  model  of 
microwave  breakdown  on  fluorescent  light  tubes.  Diode  magnetic  field  is  0.4  kG  and 
cavity  magnetic  field  is  6.25  kO.  Nose  that  the  photo  drawn  here  was  reproduced  with  a 
hightf  contrast  in  order  for  the  breakdown  pattern  to  be  easily  visible. 
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Figure  14.  Experimental  data  on  TE21  absolute  instability.  Microwave  breakdown  in 
fluorescent  light  tubes  was  observed  at  B  2  S.92  kG. 


Hgure  15.  Predicted  e-beun  current  for  TE21  absolute  instability  versus  cavity  magnetic 
field  for  a  •  0.5,  0.6  and  0.7.  High  power  microwave  emission  and  microwave 
break-down  were  observed  finom  beam  current  of  20  ~  30  amps  at  B  2  5.92  kG. 
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Figure  16.  (a)  Peakjpower  in  the  6.6  - 14.1  GHz  band  venua  cavity  magnetic  field  for 
the  diode  magnetic  nelds  of  0.7  kG.  (b)  peak  power  in  the  2.1  >  6.6  Gm  band  versus 
cavity  magnetic  field  (diode  magnedc  ffeld  «  0.7  kG). 
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Hgure  17.  Open  shutter  camem  photos  of  gas  breakdown  pattern  obtained  from 
fluorescent  light  thbes  as  a  fimcdon  or  cavity  magnetic  field  (f-siop- 11).  Diode  magnetic 
field  is  kept  at  0.7  kO.  Note  that  photo  (a),  (b),  and  (c)  show  hollow  patterns  with  the 
ring  radius  of  half  of  die  ou^t  honi  radius,  indicating  a  TE21  mode,  whereas  photo  (d) 
shows  a  imx^  pattern  of  TE21  and  TEn  mode,  and  (e)  shows  solid  patterns  on  the 
center,  indicating  a  TEi  I  mode.  The  breakdown  pattern  disappeared  at  B  ^  2^7  kG  O’hoco 
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Figure  18.  Uncoupled  disperricm  relations  of  TEn  andTE2i  modes  with  die  fundamental 
beam  mode  of  six  different  cavity  magnetic  fields,  showing  good  agreement  widi  the 
Observed  breakdown  patterns  in  Figure  17.  The  diamond  black  dots  denote  the  CRM 
interaction  points 
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Technical  Notes 


Frequency-Tunable,  High-Power  Microwave 
Emission  From  Cyclotron  Autoresonance 
Maser  Oscillation  and  Gyrotron 
Interactions 

J.  G.  WANG,  R.  M.  CILGENBACH.  member,  ieee.  J.  J.  CHOt. 
C.  A.  OUTTEN,  AND  T.  A.  SFENCER 


At^Owet—Wt  report  cxperimeatal  obaerrMtioag  ot  Ugh-iiower  mi- 
crowoT*  fiHlwtoB  from  both  the  high-frequcacy  cychttroo  autorcso- 
■■■eo  maaer  (CAKM)  ooHUoHob  aad  the  low-frequeacy  crrotroa  ia- 
teractloa.  High-power  (3-1#  MW)  mkrowave  r mlwine  le  attributed  to 
the  CARM  inrhaelim,  which  !■  magnetically  timahic  throngh  dlaeretc 
aaial  cavity  motlef  frrom  15  threngh  1#.7  GHs.  For  the  mam  experi- 
mental  panuneten,  megawatt  level  microwave  embeion  b  obeerveti, 
which  b  amgnetically  tunable  from  1#  throngh  14  GHx,  indicating  low- 
frogncncy  gyrotron  oociilation.  High-frequency  mkrowavc  pnbc- 
lengthi  of  up  to  •  J  (ta  have  been  generated,  which  b  a  factor  M  #vc 
gtaater  than  previoni  CARM  cxperimenti. 


k  (1/cm) 

Fig.  I .  Uncoupled  dispersion  relaiions  of  eleciron-beam  cyclotron  wave 
and  cavity-waveguide  modes  for  experiments;  paiameters  are:  Bq  °  4-34 
kG.  Kt  -  370  kV,  and  o  -  i>j. /i>,  -  0.72. 


Free  electron  sources  (1]  of  high-power  microwave  radiation 
have  significant  applications  in  fusion  plasma  heating  (2].  com- 
mnnications  [3],  high  gradient  accelerators,  and  high-resolution  ra¬ 
dar.  The  gyrotron  is  typically  referred  to  as  the  electron-cyclotron 
maaer  interaction,  wfai^  occurs  near  the  cavity  cutoff  frequency 
when  the  phase  velocity  it  much  greater  than  the  velocity  of  light 
(Pf  »  e).  Significant  pragreu  has  been  made  in  relativistic  gy- 
•"o^rons  W,  (51  (K  -  1  MV,  /  •  I-IO  kA),  which  have  achieved 
27S-MW  power  levels  at  wavelengths  of  8.S  mm  and  pulselengths 
of  20  ns.  Oyrotroos  driven  by  haid-tube  roodulaton  ( K  <  100  kV. 
t  <  lOOA)  have  achieved  MW  power  l^ls  of  over  ps  pulse- 
lengths.  One  limitation  of  conventional  gyfotrons  is  that  the  output 
freyency  it  dote  to  the  relativistic  cyclotron  frequency  ■> 
tB/tm  or  its  harmonic.  The  cyclotroo  autoresonance  maaer 
(CARM)  (5]-(9]  haa  an  advantage  in  this  regard,  since  the  wave 
fteqneaey  haa  a  large,  relathriatic  Doppler  upaUft,  as  shown  by  the 
upper  intersection  of  the  nnooiqiled  diapersion  relationt  in  Hg.  1. 
la  the  limit  aa  the  phase  vdoci^  appeoncfaes  c,  this  CRM  me^- 
niam  it  deiMCed  the  cyclotron  autowaonarree  maaer  (CARM)  (5}- 
(91.  Thus,  very  high-frequency  microwaves  can  be  obtained  from 
the  CARM  fbr  a  relativistic  electron  beam  in  moderate  magnetic 
flelda.  Another  anracdve  feature  of  the  CARM  is  the  magnetk- 
tuhability  of  the  output  frequency.  Recent  CARM  amplifier  exper¬ 
iments  [8]  have  been  reported  in  the  United  States,  and  CARM 
otdllalor  experimeata  (6],  [7]  have  been  performed  in  the  Soviet 
Union.  All  ot  these  previous  CARM  expetimemt  have  been  per- 
formed  srith  thort-pulae  (40-100  nt)  eiectroa  beama.  Several  fan- 

llsnnintipt  leeehedl  Inly  3.  19#9:  revised  September  14.  1989.  Thb 
ireaarck  wm  ippueered  in  part  by  the  Ab  Force  OHoe  of  Screntific  Re- 
aaatch  (Bolling  AFB),  by  the  Ab  Force  Weapoao  Labotmory,  aad  (RMO) 
by  a  FnaUmiial  Yoaag  Invearigntor  Award  from  tha  Nadorrai  Srianae 
Formdrtion.  TASwaaeapportad^  an  Ab  Faroe  LabarstoryOmdaareFai- 
lewahip.  CAO  recaivod  a  Depafiamai  ot  Energy  Magnsrfc  Pmioe  Tech- 
aniogy  MtowiUp,  and  iOW  war  anppetmd  by  dfe  Udretsby  of  MbU- 

Tha  aathom  are  wMt  tha  laimaa  Paetgy  Beant  Imersctiea  Laborarory, 
Dtpiimttaief  WadeerBegieeetbg.  Ueiversiy  of  Mfcbigee.  Aea  Arbor. 
M14gl09. 

IBBB  Log  Member  1931983. 


portent  CARM  research  issues  renuiin,  which  concern:  1)  The  fre- 
quency-tunability  of  CARM  oscillators,  2)  maximum  c-beam 
voltage  fluctuatioits  for  long-pulse  ( >  100  ns)  oscillation,  3)  low- 
fieriuency  gyrotron  intemctkHtt,  and  4)  the  absolute  instability, 
whidi  it  predicted  to  occur  when  the  eleemon  beam  cunent  exceeds 
a  tfareahold  value  (10],  [1  l]i 

In  this  technical  note,  we  present  cyclotron  tiuuer  oscillator  ex- 
perimentt  which  rfetirorutrate  frequerrcy-tunable,  bigb-power  mi¬ 
crowave  emission  from  both  the  high-frequency  CAIM  interaction 
(3-10  MW)  and  the  low-freqitency  competing  gyrotron  mode  ( -  1 
MW).  The  phase  velocity  of  the  wave  in  the  high-frequency  op¬ 
eration  of  our  experiment  ( 16.7-IS  GHz)  was  in  the  range  (1.18- 
1.24  c)  expected  for  the  cyclotron  nutoresonance  maser.  The  pre- 
tein  experimeitts  were  performed  by  utilizing  electron  beam 
pulsdet^phs  (0.3-0.4  pa),  which  are  a  fector  of  4-10  longer  than 
ptevioos  CARM  experiments.  These  experitneatt  were  designed  to 
investigate  the  bask  physical  mechanisms  of  the  CARM  and  have 
not  yet  optimized  the  efficiency  of  the  device  nor  attempted  to  sup¬ 
press  the  low-freqoeacy  gyrofroo  interaction. 

The  experimental  configuration  is  depicted  in  Fig.  2.  The  elec¬ 
tron  beam  generator  is  a  Fdretron',  operate  with  peak  parameters; 
Voltage  >■  -400  kV;  catrent  ■>  1.2  kA;  and  fell  pulselength  « 
0.4  ps.  The  electron  beam  is  emitted  from  a  field  emission  cathode 
consistiag  of  a  vdvet  ring  with  inner  and  outer  radii  of  0.6  and  1 .3 
cm,  respectivdy.  (^tfaode  {dasma  diode  closure  caused  a  triangular 
voltage  pulse,  ahbough  the  generator  current  was  almost  constant 
(Rg.  3).  Pulsed  magMtk  fi^  coils  in  the  diode  region  were  con- 
neraed  in  series,  with  the  aoleaoid  wound  on  the  2.84-cm  ID  beam 
tube;  this  gave  a  fector  of  three  increase  in  the  axial  magnetic  field 
fiom  the  cathode  to  the  interaction  r^ion.  A  cylindrical  stainless 
steel  mkroweve  cavity  was  emplqyed  with  dimensiont  of  1.97-cm 
ID  aad  26.32-cm  len^;  the  caviqr  vacuum  cutoff  frequency  was 
8.90  Gib.  The  eiectron-bemn  current  transported  through  the  cav- 
iqrraagedfeomdOO  Ant  a  3-kO  magnetic  field  to  6S0  A  at  4.S  kG. 
A  tnntvene  field  ftom  a  large  permanent  magnet  deflected  the 
beam  to  the  tube  wail  after  the  end  of  the  cavity  section.  (In  some 
experiments,  s  linear,  pennsnent  magnet  wiggkr,  with  a  period  of 
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Fig.  2.  ExperimenUI  cunfiguration. 
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Fig.  3.  Experimeaial  data,  (a)  c-beam  voltage  160  kV/div.  (b)  catbode 
camtK  0.6  kA/dhr.  (c)  Mktowave  signal  froni  10.0  OHz  filler,  (d) 
IT-band  micfowave  sipial  (/  >  14.3  GHz),  (e)  Microwave  signal  front 
IS.O-GHz  filter.  Data  in  (a)  through  (e)  lakra  at  4.34  kG.  (f)  IC-band 
microwave  signal  taken  at  4.32  kG. 

4.4  cm,  was  utilized:  those  results  will  be  reported  elsewhere.) 
Microwave  output  was  directed  through  a  TE^  circular  waveguide 
to  a  rE|o  recungular  waveguide  transducer  and  directioiul  coupler, 
terminated  in  a  nuitched  load.  The  microwave  output  from  the  maser 


was  diagnosed  by  a  series  of  directional  couplers  and  cutoff  filters 
in  the  X-band  (6.6-14.1  GHz)  and  X-band  ( 14.3-21.1  GHz).  The 
frequency  spectrum  of  the  emitted  radiation  was  measured  by  an 
array  of  narrowband  (  ±0. 1  GHz  at  - 10  dB)  cavity  filters  at  the 
following  frequencies;  10.0,  11.0,  11.5,  12.0,  13.0,  13.5,  14.0, 
14.5.  15.0,  15.225,  15.5,  15.725,  16.0,  16.725,  17.0,  18.5,  and 
19.4  GHz.  Microwave  power  levels  were  determined  from  cali¬ 
brated  directional  couplers,  attenuators,  and  diode  detectors. 

Experimental  data  ate  presented  in  Fig.  3(a)  through  (e)  at  a 
magnetic  field  of  4.34  kG.  High-power  microwave  emission  was 
measured  at  4.34  kG  in  frequency  filters  at  both  15.0  and  10.0 
GHz:  no  microwave  emission  was  measured  on  detectors  at  12.0 
and  17.0  GHz.  It  should  be  noted  that  these  measured  frequencies 
agree  quite  well  with  those  predicted  by  the  upper  ( 15  GHz)  CARM 
intersection  and  the  lower  ( 10  GHz)  gyrotron  intersection  of  the 
uncoupled  dispersion  relations  shown  in  Fig.  I.  The  AT-band  mi¬ 
crowave  pulselengths  in  these  experiments  ranged  up  to  a  maxi¬ 
mum  of  0.2  it&  (Fig.  3(f)  at  4.52  kG),  which  is  a  factor  of  five 
greater  than  previous  CARM  results.  Oscillation  from  the  high- 
frequency  interaction  was  maintained  over  e-beam  voltage  fluctua¬ 
tions  of  up  to  40  percent  in  multiple  axial  modes. 

By  varying  the  magnetic  field,  it  was  possible  to  discretely  tune 
axial  cavity  mode  frequencies  of  both  the  high-frequency  CARM 
(15-16.7  GHz)  and  low-frequency  gyrotron  emissions  (10-14 
GHz).  Frequency  data  is  summarized  in  Fig.  4,  with  theoretical 
plots  of  the  upper  and  lower  intersections  of  the  uncoupled  disper¬ 
sion  relations.  Note  that  we  attribute  only  the  high-frequency  ra¬ 
diation  to  CARM  in  the  regime  where  approaches  c;  between 
15-16.7  GHz,  Vf  ranges  from  1.24  to  1.18  c.  The  phase  velocities 
were  calculated  tom  the  known  cavity  dispersion  relatioii  at  a  given 
frequency.  The  phase  velocity  for  the  10-GHz  gyrotron  mode  is 
about  2.2  c.  It  should  also  be  noted  that  the  high-toquency  CRM 
and  the  low-frequency  gyrotron  modes  coalesce  at  abM  14  GHz, 
corresponding  to  the  grazing  intersection  of  the  dispersion  rela¬ 
tions.  At  a  fixed  magnetic  field,  the  CARM  gain-bandwidth  was 
comparable  to  the  axial  mode  spacings:  thus,  the  CARM  micro- 
wave  emission  peaked  at  one  or  two  axial  cavity  modes  (q  «  20- 
24).  Low-toquency  gyrotron  timdes  were  observed  simulta¬ 
neously.  At  the  peak  of  the  CARM  interaction  (near  4.5  kG),  the 
CARM  power  was  nearly  a  factor  of  ten  higher  than  the  gyrotron 
power.  Derails  of  the  microwave  emission  tom  high-order  CARM 
axial  modes  will  be  presented  in  a  future  paper.  The  conqiaiison 
of  the  data  to  theory  in  Fig.  4  suggests  that  a  >  /vi  is  increas¬ 
ing  with  the  magnetic  field,  a  result  which  is  consistent  with  other 
experiments.  Fig.  I  shows  that  the  fundamental  cyclotron  wave 
interaction  is  cut  off  for  all  but  the  TEn.  cavity  modes.  In  the 
CARM  regime  (4.2-4.7  kG),  interaction  of  the  second  cyclotron 
harmonic  with  ^  TC^i  modes  has  been  excluded  because:  (a)  A 
TEu  mode  transducer  was  utilized,  (b)  die  TE^i  growth  rate  is 
lower,  (c)  the  high-frequency  power  exceeded  the  low-toquency 
power,  and  (d)  the  gyrotron  fr^uency  scaling  is  different  than  the 
CARM. 

Experimental  scaling  of  the  microwave  emission  power  with  the 
solenoidal  magnetic  field  is  presented  in  Fig.  5.  In  the  absence  of 
die  wiggler,  peak  microwave  power  levels  were  generated  at  up  to 
10  MW  for  the  ff-band  frequency  range  and  ab^  1  MW  for  the 
X-band  frequency  range.  Since  the  CARM  extracts  wave  eneigy 
tom  both  the  parallel  and  perpendicular  components  of  e-beam 
velocity,  an  e-beam  with  a  low  a  >  Ox/oi  can  exhibit  higher 
CARM  power  than  gyrotron  power.  The  CARM  i^ime  of  opera¬ 
tion  corresponds  to  the  microwave  emission  power  in  the  xAiaiid 
which  peaks  between  4.2  and  4.7  kG.  The  decrease  of  the  CARM 
X-band  microwave  power  at  high  magnetic  fields  and  frequencies 
may  be  due  to  the  effects  of  e-beam  velocity  spread  at  large  values 
of  the  wavenumber  and  high  a.  Data  indicates  that  pulses  with  the 
highest  X-band  power  had  reduced  levels  of  X-band  emission,  sug¬ 
gesting  tirade  competition  between  the  CARM  and  the  low-fre¬ 
quency  gyrotron.  (The  wiggler  increased  the  X-band  power  to  about 
2  MW,  but  increased  the  X-band  power  only  slightly.) 
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Fig.  4.  Summafy  of  measuicd  microwave  emissioa  fiequencies  <X).  Lines 
show  theoieii^  imersections  of  the  uncoupled  dispersion  relations  for 
three  diffeicm  values  of  a  »  li<\. 


Theoretical  calculations  of  the  threshold  current  predicted  for 
absolute  insubility  [10],  [11]  yield  values  of  about  60  A  for  our 
experimental  parameters  of  Figs.  1  and  3(a)-(e).  Even  though  our 
experimental  current  is  a  factor  of  6  to  10  times  higher  than  this 
predicted  threshold  current,  we  do  not  observe  high-power  radia¬ 
tion  close  to  the  cutoff  frequency  (  -  9  GHz)  as  expected  for  ab¬ 
solute  instability.  Furthermore,  the  reasonable  electronic  efficiency 
(2-4  percent)  in  these  experiments  indicates  that  absolute  insubil¬ 
ity  may  not  be  as  serious  a  problem  in  CARM  oscillators  as  in 
amplitets  for  the  following  reasons  (10]: 

1)  In  the  oscillator,  the  cavity  is  usually  too  short  to  accom¬ 
modate  the  long-wavelength  mode  at  the  onset  of  absolute  insu¬ 
bility. 

2)  In  the  amplifier,  the  growth  of  absolute  insubility  would  more 
easily  overwhelm  the  convective  growth  of  the  externally  injected 
signal.  These  properties  apparently  agree  with  previous  experience 
on  gyrotron  oscilUtots  (2]. 

The  electronic  efficiency  of  this  CARM  oscillator  was  in  the 
range  of  2-4  percent  (neglecting  cavity  losses),  similar  to  recent 
CARM  amplifier  (8]  and  oscillator  (6],  (7]  experiments.  The  pre¬ 
sent  experimenu  suggest  that  it  may  be  possible  to  increase  the 
CARM  oscillator  efficiency  by  suppressing  the  low-frequency  gy- 
rotnn  imenction.  Cyclotron  maser  experimeiKs  at  higher  power 
and  tonger  pulselength  are  now  underway  on  the  Michigan  Electron 
Long  Beam  Accelerator  (MELBA),  at  llw  peak  electron-beam  pa¬ 
rameters  of  F  «  -0.7  to  -1  MV,  /  >■  1-IS  kA,  and  pulselength 
-  1-2  ps. 
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